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Abstract 
 Subduction zones are tectonically active regions that produce seismicity and volcanism 
during plate convergence and ultimately recycle crustal material into the mantle. Since these 
regions dictate many global scale tectonic and geochemical processes (i.e. orogenesis, volatile 
flux into the mantle, etc.), it is important to understand the depth-temperature conditions of 
mineral reactions during the subduction-exhumation metamorphic cycle. (Ultra)high-pressure 
((U)HP) metamorphic rocks, such as blueschists and eclogites, are formed during metamorphism 
of subducted crust and sediments along relatively cold geothermal gradients. (U)HP 
metamorphic rocks may be incorporated into the subduction zone accretionary wedge and 
exhumed, thereby providing a direct records of subduction zone conditions and processes. This 
PhD research is focused on the determination of pressure (P) – temperature (T) conditions of 
exhumed (U)HP subduction zone metamorphic rocks in order to better understand the 
metamorphic conditions of geologic processes within subduction zones.  
 This dissertation contains three separate studies which combine multiple 
thermobarometric methods to better constrain the petrologic history of exhumed subduction zone 
metamorphic rocks. Elastic thermobarometry, trace element thermobarometers, and numerical 
modeling approaches were integrated to determine P–T(–t) histories of (U)HP metamorphic 
rocks. In the first chapter of this dissertation, multi-diffusion domain numerical modelling of 
white mica 40Ar/39Ar and thermobarometric data were used to forward model continuous P–T–t 
paths of blueschist block exhumation from the western Baja terrane of Mexico. Results from this 
chapter provide new insights into the application of white mica P–T–t numerical modeling to 
constrain exhumation histories of (U)HP metamorphic rocks. In the second chapter, strain-based 
quartz-in-garnet elastic thermobarometric data was combined with Ti concentration 
measurements and a Ti-in-quartz solubility model to estimate P–T conditions of inclusion 
entrapment in garnet from a quartzofeldspathic gneiss from the (U)HP terrane of eastern Papua 
New Guinea. The quartz-in-garnet and Ti-in-quartz (QuiG-TiQ) method gives P–T constraints 
from a single mineral and does not introduce temperature estimates external of the host-inclusion 
system. Results from this chapter give new insights into the use of elastic thermobarometry to 
determine conditions of metamorphic mineral growth and inclusion entrapment. In the third 
chapter, the first characterization of mineralogical evidence for UHP metamorphism in the 
Appalachian orogen is presented. Multiple thermobarometric methods, including Zr-in-rutile 
trace element and quartz-in-garnet elastic thermobarometry, were combined with petrologic 
observations to characterize the prograde metamorphic conditions of garnet growth during 
subduction.  
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Chapter 1 
General Introduction and Motivation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 2	
	
1 Introduction and Motivation 
 Subduction zones are tectonically dynamic areas that recycle crustal material, produce 
seismicity and volcanism, and build mountains (e.g. Dewey and Bird, 1970). Because subduction 
zones produce geologic hazards and influence many Earth-systems, an overarching goal of 
petrologic and tectonic research is to understand subduction zone processes in order to better 
predict these events and model their possible effects. However, in order to model subduction 
zone processes, the depth-temperature-time relationships of mineral reactions that occur within 
subduction zone metamorphic rocks must be determined from the geologic record.  
 (Ultra)high-pressure ((U)HP) metamorphic rocks are formed within subduction zones at 
sub-lithospheric depths from the metamorphism of crustal lithologies and sediments along 
relatively cold geothermal gradients (Miyashiro, 1961; Agard et al., 2009). After exhumation, 
these rocks provide direct records of subduction zone conditions and have been used to study a 
variety of tectonic and geochemical processes over a range of spatial and temporal scales. (U)HP 
metamorphic rocks preserve a mineral assemblage that can be used to understand macro-to-
microscopic scale processes such as lithospheric plate subduction (e.g. Chopin, 1984; Smith, 
1984), rock exhumation (e.g. Rubatto and Hermann, 2001), crust-mantle mixing (e.g. Zhao et al., 
2013), mineral elastic interactions (e.g. Campomenosi et al., 2018), atmospheric recycling and 
volatile sequestration within the mantle (e.g. Baldwin and Das, 2015), and global carbon cycling 
(e.g. Frezzotti et al., 2011). These processes occur throughout metamorphic history during the 
subduction-exhumation cycle and are tied to depth – temperature – time conditions of prograde 
and retrograde mineral reactions that occur within the subduction zone metamorphic rocks. In 
order to constrain these metamorphic conditions, mineral assemblages and microstructures can 
be used to determine pressure (P) – temperature (T) conditions, and radiogenic isotope 
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concentrations can be used to determine the timing of mineral reactions (t). The motivation for 
this dissertation research is to better understand subduction zone metamorphic conditions 
through the application of thermobarometric methods to (U)HP metamorphic rocks. 
 P–T histories of (U)HP metamorphic rocks have been studied using a variety of 
thermobarometric methods based on different premises. It is known that certain metamorphic 
minerals are stable under specific range of P–T conditions (e.g. Spear, 1993). An important 
example is quartz-coesite phase boundary, which defines the minimum P–T conditions of UHP 
metamorphism (Coes, 1953; Chopin, 1984). Coesite is only stable above ~25 kbar (Mosenfelder 
and Bohlen, 1997; Osborne et al., 2019), therefore finding coesite within an exhumed subduction 
zone metamorphic rock implies that it was metamorphosed at >25 kbar during its metamorphic 
history. Chemical equilibrium thermobarometric methods, such as mineral assemblage 
equilibrium modeling, are frequently applied to determine the stable mineral assemblages for a 
specific bulk rock composition throughout P–T space (e.g. Spear et al., 1984; Caddick et al., 
2010; Baxter et al., 2017).  
 Recently it was recognized that several minerals can be used as quantitative indicators of 
metamorphic conditions because they incorporate trace elements into their structure as a function 
of P–T conditions (Wark and Watson, 2006; Watson et al., 2006). This has led to the 
development of experimentally calibrated trace element solubility models, such as Ti-in-zircon 
(Watson and Harrison, 2005), Ti-in-quartz (Thomas et al., 2010), and Zr-in-rutile (Tomkins et 
al., 2007). These solubility models are used to determine isopleths of equal trace element 
concentrations in P–T space. Trace element thermobarometers are advantageous because they are 
dependent on chemical equilibria between simplified mineral assemblages. For example, 
chemical equilibrium of the Ti-in-quartz thermobarometer is defined by the co-crystallization of 
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quartz – rutile, and is unaffected by other mineral reactions that occur throughout the bulk rock 
composition (Thomas et al., 2010, 2015). The frequent occurrence of these simple equilibrium 
mineral assemblages has made single element trace element thermobarometers a frequently 
applied method to determine the P–T conditions of (U)HP rock metamorphism.  
 Elastic models have been developed to determine the P-T conditions of inclusion 
entrapment in a crystallizing host mineral (e.g. Murri et al., 2018; Zhong et al., 2019). These 
elastic or mechanical thermobarometers, such as the quartz-in-garnet elastic model (Thomas and 
Spear, 2018), are complimentary to the previously described chemical equilibria based 
thermobarometric methods and are instead based on the premise of mechanical equilibrium at the 
timing of inclusion entrapment in a host mineral (Angel et al., 2014; Alvaro et al., 2019). For 
these methods, remnant strains preserved within elastically isolated relatively soft inclusions in 
relatively stiff host minerals can be measured using single-crystal X-ray diffraction or in-situ 
Raman spectroscopy (Murri et al., 2018; Bonazzi et al., 2019). The strain preserved within the 
inclusion can then be used to calculate the remnant pressure contained within the inclusion. 
Inclusion remnant pressures, P–T–V equations of state for the host and inclusion, and an elastic 
model can be used to calculate unique P–T curves, called isomekes, along which inclusions 
could have been entrapped (Rosenfeld and Chase, 1961; Angel et al., 2014). Because inclusions 
are nearly ubiquitous in crystallizing minerals in (U)HP metamorphic rocks (i.e. garnet), elastic 
thermobarometry is frequently applied to determine the conditions of metamorphic mineral 
growth.   
2 Dissertation Layout 
 The research presented in this dissertation is focused on evaluating the assumptions of 
elastic and trace element thermobarometric methods, integration of multiple thermobarometers, 
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and application of these methods to previously studied geologic terranes to gain new insights into 
the metamorphic conditions of (U)HP metamorphic rocks. This dissertation is subdivided into 
three independent chapters, which are presented as independent manuscripts, but all related to 
the overarching goal of developing a better understanding of the P-T conditions of rocks 
metamorphosed within subduction zones. Chapters two and three focus on the integration of 
thermobarometric methods for the determination of P–T–t paths. The fourth chapter discusses 
the first finding of mineralogical evidence for UHP metamorphism in the Appalachian orogen 
and its implications.  
 P–T–t paths are determined by combining thermobarometric (P–T) and 
thermochronologic methods (T–t). For example, white micas are common minerals in 
metamorphic rocks and are frequently used for 40Ar/39Ar thermochronology and 
thermobarometry. Furthermore, previous studies have suggested that continuous thermal 
histories can be derived from white mica 40Ar/39Ar step heating results (e.g. Harrison et al., 2009; 
Kula and Spell, 2012; Long et al., 2018), meaning that P–T–t paths can potentially be determined 
from the analysis of a single mineral. In the second chapter of this dissertation entitled, 
“Modelling white mica pressure-temperature-time (P–T–t) paths using thermobarometric and 
40Ar/39Ar thermochronologic data”, 40Ar/39Ar multi-diffusion domain modelling was applied to 
white micas from Baja California blueschist blocks that yielded age gradients interpreted to have 
formed due to argon loss via volume diffusion. White mica thermal histories and 
thermobarometric data were integrated to forward model continuous P–T–t paths. These 
petrologic and thermal history model results suggest that continuous thermal histories can be 
recovered using white mica step heating 40Ar/39Ar data and multi-diffusion domain modelling.  
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 Elastic models for host-inclusion mineral pairs have become frequently used tools for 
determining the P–T conditions of host mineral growth and inclusion entrapment during 
metamorphism. Elastic models are used to calculate P–T curves, referred to as isomekes, along 
which inclusions could have been entrapped and require a temperature or pressure estimate to 
determine the unique P–T conditions of host mineral growth (Angel et al., 2015). In the third 
chapter of this dissertation entitled “Quartz-in-garnet and Ti-in-quartz thermobarometry: 
Methodology and first application to a quartzofeldspathic gneiss from eastern Papua New 
Guinea”, the P–T estimates of quartz inclusion entrapment in garnet were determined by 
integrating the quartz-in-garnet elastic model with titanium concentration measurements of 
inclusions and a Ti-in-quartz solubility model (QuiG-TiQ). QuiG-TiQ was used to determine 
entrapment P–T conditions of quartz inclusions in garnet from a quartzofeldspathic gneiss from 
Goodenough Island, part of the (U)HP terrane of Papua New Guinea. Raman spectroscopic 
measurements and a strain-based elastic model were used to calculate the remnant pressures and 
elastic anisotropy of the quartz inclusions. The average Ti-in-quartz isopleth intersects the 
average QuiG isomeke at 10.2 ± 0.3 kbar and 601 ± 6°C, which is interpreted as the P–T 
conditions of garnet growth during retrograde metamorphism in the quartzofeldspathic gneiss. 
The P–T intersection of the isomeke and isopleth represents mechanical and chemical 
equilibrium between garnet, quartz, and rutile. Since garnet, quartz, and rutile, are common in 
many bulk rock compositions, QuiG-TiQ thermobarometry is applicable to many metamorphic 
rocks.  
 Phase relationships are useful for determining the P–T field where a rock formed. For 
example, the SiO2 quartz-coesite phase transition defines the minimum P–T conditions of 
ultrahigh-pressure (UHP) metamorphism (Chopin, 1984; Smith, 1984). Since the first 
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discoveries of metamorphic coesite in crustal rocks, evidence of UHP metamorphism has been 
found in a majority of orogenic belts, suggesting that subduction of lithosphere to > 80 km 
depths and subsequent exhumation is a common feature of collisional plate boundaries. 
However, the Appalachian Mountain belt seemed anomalous in this new paradigm because UHP 
mineral indicators had not been discovered (Gilotti, 2013). In the fourth chapter entitled 
“Discovery of coesite in the Appalachian orogen: First evidence for subduction to mantle depths 
during the Taconic orogeny”, we present the first discovery of metamorphic coesite in a garnet 
porphyroblast from a Taconic metapelite (Vermont, USA), which provides unequivocal evidence 
that rocks in the Appalachian Mountains underwent UHP metamorphism. The conditions of 
garnet growth were constrained using Zr-in-rutile trace element thermobarometry and Quartz-in-
garnet elastic thermobarometry. Our results suggest that garnet growth occurred during 
blueschist facies to UHP metamorphic conditions along a relatively cold geothermal gradient. 
These findings warrant re-evaluation of geodynamic reconstructions of the Appalachian orogen 
and comparisons with other UHP terranes.  
  Lastly, the fifth chapter of this dissertation summarizes the overall findings of the three 
studies in this dissertation. Potential future research directions are also presented here which 
would build upon the findings presented in each of the three chapters.  
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Abstract 
White micas are major rock forming minerals in igneous and metamorphic rocks, and their 
chemical and isotopic variations can be used to determine pressure, temperature, and time 
histories. We apply 40Ar/39Ar multi-diffusion domain modelling to white micas from blueschists 
blocks in serpentinite matrix mélange from the exhumed Baja California subduction complex. 
Thermal history models yielded T–t paths suggesting that 40Ar* resides within multiple diffusion 
domains with varying 40Ar* retentivity. Modelled white mica thermal histories and 
thermobarometric data were used to forward model continuous P–T–t paths. P–T–t paths are 
consistent with previous studies and are interpreted to constrain blueschist block exhumation 
paths within the Baja accretionary wedge. Our P–T–t models use temperature controlled 
40Ar/39Ar step heat data in which argon loss by volume diffusion can be demonstrated, and for 
which the white mica petrogenesis is known.  
1 Introduction 
 White micas are frequently used for thermobarometry (P–T) and 40Ar/39Ar 
thermochronology (T–t) to determine P–T–t paths of metamorphic rocks exhumed within 
subduction complexes (e.g. Lanari et al., 2012, 2014). However, interpretation of 40Ar/39Ar data 
may be challenging since age gradients (i.e. increasing 40Ar/39Ar ages with increasing %39Ar 
released) are often observed, particularly from white micas in metamorphic terranes (e.g. 
Wijbrans et al., 1986, Baldwin and Harrison 1989, 1992, Dunlap 1997). Interpreting 40Ar/39Ar 
age gradients requires knowledge of, 1) the relationship between competing processes during 
laboratory step heating (diffusion vs. dehydroxylation), and 2) the primary 40Ar* transport 
mechanism over geologic time (loss of 40Ar* via diffusion or recrystallization). If these processes 
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can be assessed, white mica 40Ar/39Ar data can be integrated with thermobarometric data to 
constrain P–T–t paths of metamorphic rocks. 
 In regards to laboratory experiments, several studies (e.g. Sletten and Onstott 1998) have 
suggested that the loss of structurally bound OH- (i.e. dehydroxylation) in white mica controls 
argon release during in vacuo heating. However, there is increasing evidence that white mica 
may dehydroxylate without undergoing significant structural breakdown (Harrison et al., 2009, 
Tokiwai and Nakashima 2010, Kula and Spell 2012, O’Brien and Grove 2017). The 40Ar* 
transport mechanism may be partially assessed by using thermobarometry to determine the P–T 
conditions of (re)crystallization (Warren et al., 2012). Calculated white mica argon closure 
temperatures (Tc) can be compared to P–T conditions of white mica (re)crystallization and the 
data used to assess 40Ar* transport mechanism(s). For example, if the temperature of white mica 
crystallization is greater than or equal to Tc, volume diffusion may be the primary 40Ar* transport 
mechanism. However, if the temperature of white mica (re)crystallization is less than Tc, then 
40Ar* loss via volume diffusion is of secondary importance and the 40Ar/39Ar data can be 
interpreted to date the timing of (re)crystallization.  
 A long-standing method for interpreting 40Ar/39Ar age gradients is multiple diffusion 
domain (MDD) modelling, originally developed for K-feldspars that yielded 40Ar/39Ar age 
gradients and Arrhenius plots that deviate from linearity (Lovera et al., 1989). The MDD model 
assumes that 40Ar* diffuses from multiple variably sized diffusion domains within a mineral, 
each with a different Tc (Lovera et al., 1989). Therefore, argon release in a mineral may occur 
over a temperature range and the thermal history the mineral was subjected to can be determined 
(Lovera et al., 1989, Harrison et al., 2005, Harrison and Lovera 2014).  
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 Several studies have suggested that MDD modelling may be extended to white micas 
since these minerals frequently yield 40Ar/39Ar age gradients and Arrhenius plots similar to those 
observed from K-feldspar (e.g. Baldwin, 1988; Forster, Lister, Lennox, Lister, & Dating, 2014; 
Harrison, Célérier, Aikman, Hermann, & Heizler, 2009; Kula & Spell, 2012). However, to date, 
few attempts have been made to derive continuous thermal histories from white mica step 
heating results (e.g. Long, Heizler, Thomson, Reiners, & Fryxell, 2018). We apply white mica 
MDD modelling, and show that white mica 40Ar/39Ar step heating results can be inverted to 
derive geologically meaningful thermal histories. Furthermore, MDD model results can be 
integrated with phengite thermobarometric data to reveal P–T–t paths.  
2 Samples Modelled 
 The white micas selected for modelling are from blueschist and epidote-amphibolite 
facies blocks in serpentinite matrix mélange from an exhumed paleo-accretionary wedge in Baja 
California (Appendix A; Baldwin & Harrison, 1992; Baldwin & Harrison, 1989). The white mica 
samples were previously analyzed in temperature-controlled step heat experiments, yielding 
pronounced 40Ar/39Ar age gradients that were interpreted to result from 40Ar* loss via volume 
diffusion (Figure 1; Baldwin & Harrison, 1992; Baldwin & Harrison, 1989). Baldwin & 
Harrison, (1992) used petrologic and white mica 40Ar/39Ar data to determine that that the 
epidote-amphibolite facies blocks were metamorphosed and exhumed during subduction 
initiation 160-170 Ma. Using garnet-amphibolite geobarometry, pressures of amphibolite facies 
metamorphism are 7-10 kbar (Baldwin & Harrison, 1992). Blueschist blocks were 
metamorphosed and exhumed during continued subduction (115-110 Ma) under high-pressure 
low-temperature metamorphic conditions (Baldwin & Harrison, 1989). Based on the Si content 
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in phengite, assuming a temperature of 400°C, pressure estimates were obtained for various 
blueschist blocks ranging from 4-18 kbar (Baldwin & Harrison, 1989). 
Samples B1 and B2 are coarse-grained blueschists, and sample EA1 is an epidote-
amphibolite facies quartz-mica schist (Figure 2). The age spectrum for sample B1 shows 
40Ar/39Ar apparent ages ranging from 102-116 Ma, B2 from 94-114 Ma, and EA1 from 152-168 
Ma. Arrhenius plots derived from the 39ArK release from each sample deviate from linearity 
(Figure 1) with a form similar to those observed for low-temperature K-feldspar (Lovera, Grove, 
& Harrison, 2002). 
3 Methods  
 Petrographic observations, electron microprobe major element mapping and quantitative 
spot analyses (Appendix B), and thermobarometry were used to determine the petrogenetic 
history of each sample. Si-in-phengite isopleths (Massonne & Schreyer, 1987) and P–T lines 
calculated using multi-equilibrium K-white mica-quartz-H2O thermobarometry (Dubacq, Vidal, 
& de Andrade, 2010; Lanari et al., 2012) were integrated to assess the P–T conditions of 
phengite (re)crystallization. White mica rim compositions were used to estimate the final 
crystallization conditions. 
3.1 Thermal History Modelling 
MDD modelling assumes that volume diffusion is the rate limiting step for 40Ar* loss and 
that release of 39ArK during laboratory heating proceeds via the same mechanisms as in nature 
(e.g. Harrison, Grove, Lovera, & Zeitler, 2005). Log(r/ro) plots were derived by performing a 
least squares regression on data from the low-temperature portion of the Arrhenius plot (Richter, 
Lovera, Harrison, & Copeland, 1991). Similar forms between the age spectrum and log(r/ro) plot 
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indicates that the same diffusion process occurs during in vacuo heating as in nature (Lovera et 
al., 2002).  
Inverse thermal history MDD modelling was performed using the programs of Lovera et 
al., (2002). A spherical geometry was used to determine diffusion parameters because it permits 
direct comparison of model results to previous muscovite 40Ar* diffusion experiments (Harrison 
et al., 2009). The activation energy (Ea) and frequency factor (Do/r2), determined from the 
Arrhenius plot, were used to model domain distributions (number of domains, size, and volume 
fractions). Modelled domain sizes (r), diffusion parameters, an assumed 10°C/Ma cooling rate, 
and spherical geometry, were used to calculate each samples bulk Tc (Dodson, 1973) for 
comparison with crystallization temperatures. Though not relevant for interpretation of cooling 
ages because cooling histories are not linear in 1/T, bulk Tc are useful parameters for estimating 
the primary 40Ar* transport mechanism.   
 For thermal history modelling, trial monotonic cooling and non-monotonic cooling 
thermal histories (initiated 5 Myr before the oldest measured 40Ar/39Ar ages) were input through 
modelled diffusion parameters and to produce synthetic 40Ar/39Ar age spectra. The fit between 
synthetic and measured 40Ar/39Ar age spectrum is a metric of thermal history plausibility.  
Using the inverse modelled thermal history, best fit domain distribution, diffusion 
parameters, thermobarometric constraints, and an estimate of the activation volume of 14 – 15 
cm3 (e.g. Forster & Lister, 2014; Harrison et al., 2009), we inferred P–T–t paths using the 
MacArgon program to forward model an age spectrum using a modified Arrhenius equation that 
takes into account a pressure effect on diffusivity (Lister & Baldwin, 1996). Pressure was 
iteratively adjusted and the P–T–t path was used to forward model an 40Ar/39Ar age spectrum. 
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Comparison of the measured and MacArgon age spectra was used to estimate probable P–T–t 
paths (Figure 3).  
4 Results and Interpretation 
4.1 Thermobarometry 
  Sample B1 phengite exhibited little chemical variation, with Si = 3.55 p.f.u., and Al = 
2.35 p.f.u. (Figure 4, Table 1). Phengite thermobarometry yields P–T conditions of 13.5 – 14.6 
kbar and 382 – 445°C (Figure 5). Sample B2 phengite has a pronounced inferred prograde 
growth compositional zoning from core to rim, with Si = 3.3 – 3.7 p.f.u., Al = 1.8 – 1.5 p.f.u., 
yielding P–T conditions of 16.2 – 17.3 kbar and 375 – 473°C. Sample EA1 phengite preserves 
gradual prograde growth core-rim compositional zoning of Si = 3.2 – 3.4 p.f.u., and Al = 2.61 – 
2.0 p.f.u. yielding P–T conditions of crystallization of 10.0 – 10.8 kbar and 397 – 455°C. For all 
samples, the lack of retrograde zoning, as indicated by major element oxide concentrations, 
implies that the white micas did not recrystallize subsequent to high-pressure metamorphism.  
4.2 Multi-Diffusion Domain Modelling  
 Inverse modelled diffusion parameters for each sample fit the respective measured 
Arrhenius data (Figure 6). By fitting a linear regression to the low temperature and linear portion 
of the Arrhenius plot, experimental Ea and bulk Tc ranges were determined (Table 2). When the 
calculated Tc ranges and thermobarometric data are compared, similar temperature estimates are 
obtained (Txlln ≈ Tc). Log(r/ro) plots, derived for each sample, are correlated with the form of each 
respective age spectrum (Figure 6). Cumulative and fractional %39Ar loss curves were plotted 
and compared with experimentally determined temperatures of dehydroxylation. Figure 7 shows 
that a majority of each samples’ 39Ar was released at temperatures greater than dehydroxylation 
temperatures. 
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 For sample B1, a monotonic cooling history model does not fit the low temperature steps, 
whereas non-monotonic models better fit the measured age spectrum. Therefore, we adopt the 
model that allows for a non-monotonic cooling history of sample B1 (Figure 8). For sample B2 
monotonic cooling histories yield age spectra that fit the measured age spectrum. For sample 
EA1, the thermal histories from non-monotonic models have confidence intervals with high 
uncertainty while monotonic models better fit the measured age spectrum. Therefore, the thermal 
history of sample EA1 is best characterized by a monotonic cooling model.  
4.3 P–T–t Paths  
 The best fit P–T–t path corresponding to each sample’s exhumation history (Figure 9) 
produce a forward modelled age spectrum that fits the measured (Figure 10). For sample B1, 
phengite crystallized at metamorphic conditions of 13.5 – 14.6 kbar and 445°C. The modelled P–
T–t path suggests that B1 was rapidly exhumed until 115 – 109 Ma, when exhumation slowed to 
~0.8 km/Myr (0.30 kbar/Myr, assumed lithostatic gradient of 2.7 km/kbar). Reheating began at 
~112 Ma, during slow exhumation following peak metamorphism. Following reheating to 
~355°C at ~105 Ma, the modelled P–T–t path suggests the exhumation rate increased to ~7 
km/Myr (2.6 kbar/Myr) and cooling rates were 7°C/Myr. For sample B2, following high-pressure 
metamorphism at 16.2 – 17.3 kbar and 473°C, the blueschist block was exhumed at rates of ~5 
km/Myr (~1.9 kbar/Myr). At ~115 Ma, the modelled P–T–t path suggests the exhumation rate 
decreased to ~1.5 km/Myr (0.6 kbar/Myr) with cooling rates of 6°C/Myr.  
 Modelled P–T–t paths of blueschist blocks have variable exhumation and cooling rates, 
consistent with the conclusions of previous studies that blocks were exhumed along varied P–T–t 
paths within the Baja paleo-accretionary wedge (Baldwin & Harrison, 1992; Baldwin & 
Harrison, 1989). Average exhumation rates for blocks in serpentinite matrix mélange (~2 
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km/Myr) are more rapid when compared to exhumation rates for the coherent blueschist terrane 
(~0.1 km/Myr) exhumed during continued subduction (Baldwin & Harrison, 1989). However, 
results are similar to exhumation rates determined for mafic blocks in mélange reported for the 
Franciscan complex of California (Agard, Yamato, Jolivet, & Burov, 2009) 
 Unlike the blueschist blocks, 40Ar/39Ar ages of 168 – 152 Ma and peak metamorphic 
conditions of 10 – 10.8 kbar and 455°C for sample EA1 suggest that pelitic sediments were 
incorporated into the accretionary wedge earlier in the subduction history. Following peak 
metamorphism, EA1 was slowly exhumed at rates of 0.12 km/Myr (0.04 kbar/Myr) and cooled at 
rates of 3°C/Myr. These rates are consistent with erosionally driven exhumation of epidote-
amphibolite facies metasediments (Baldwin and Harrison 1992, Baldwin 1996).  
5 Discussion  
 A previous limitation to applying MDD modelling to white micas was that argon release 
was thought to be governed by dehydroxylation during in vacuo heating (Sletten & Onstott, 
1998). However, white mica may dehydroxylate at temperatures lower than those of significant 
argon release (Tokiwai & Nakashima, 2010; Zhang, Redfern, Salje, Carpenter, & Wang, 2010), 
and experimental studies of argon diffusion in white mica have demonstrated that 
dehydroxylation does not significantly alter the kinetics of argon release (Harrison et al., 2009; 
Kula & Spell, 2012; O’Brien & Grove, 2017). For the samples modelled in this study, 
experimentally determined temperatures of white mica dehydroxylation are less than 
temperatures associated with significant %39Ar released. If the kinetics of argon loss were 
governed by dehydroxylation, significant 39Ar should be released at temperatures corresponding 
to dehydroxylation. Furthermore, the log(r/ro) plots and age spectra would not be correlated if 
argon loss occurred via dehydroxylation in vacuo. We therefore suggest that argon loss in vacuo 
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proceeds by the same process as over geologic time and is not controlled by white mica 
dehydroxylation. In such cases where argon loss occurs via volume diffusion 40Ar/39Ar, step 
heating of white micas can be used to recover thermal histories and diffusion parameters.  
 The second prerequisite to MDD modelling of white micas is demonstrating that volume 
diffusion is the rate limiting step to argon loss over geologic time. Along with this, it is 
imperative to demonstrate that age gradients in 40Ar/39Ar age spectra are not produced by mixing 
of multiple white mica generations or partial recrystallization. These phenomena can be 
evaluated by determining the white micas petrogenesis and comparing P–T conditions of 
(re)crystallization with calculated bulk Tc determined from the diffusion parameters. In this 
study, (re)crystallization temperatures are similar to calculated Tc, permitting the possibility of 
volume diffusion being the primary 40Ar transport mechanism. Since recrystallization is not 
anticipated to have affected these white micas during exhumation and Txlln ≈ Tc, argon loss is 
inferred to have resulted from volume diffusion.  
6 Conclusions 
Petrologic and thermal history model results suggest that continuous thermal histories can 
be recovered using white mica temperature-controlled step heating 40Ar/39Ar data. MDD 
modelling is applicable to white micas that, 1) do not contain multiple generations, 2) have not 
recrystallized beneath Tc, and 3) for which volume diffusion is the rate limiting step to argon loss 
over geologic time and during laboratory analysis.  
Using integrated thermobarometric data, phengite continuous P–T–t paths can be forward 
modelled. However, models may produce non-unique P–T–t paths. Hence, this model is best 
applied where independent geologic constraints exist. Our model results suggest that exhumation 
histories of Baja California high-pressure blocks in mélange were cooled and exhumed at 
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variable, but relatively slow rates. Furthermore, a single P–T–t path cannot be used to describe 
the exhumation history of multiple high-pressure blocks. Future application of this modelling 
method may yield further insight into the tectonic history of metamorphic rocks, over a range P–
T conditions relevant to crustal processes. 
Appendix A 
A1 Sample Selection and Previous Characterization 
 The white micas selected for modelling are from blueschist and epidote-amphibolite 
facies blocks in serpentinite matrix mélange from the exhumed paleo-accretionary wedge in Baja 
California. The white mica samples modelled were previously described in Baldwin & Harrison, 
(1992) and Baldwin & Harrison, (1989). The white micas were previously analyzed using 
40Ar/39Ar step heating of multi-grain aggregates that were closely sized to the grain size apparent 
in thin section (see Baldwin & Harrison, (1992), Baldwin & Harrison, (1989), for further 
analytical details). The white micas yielded pronounced 40Ar/39Ar age gradients that were 
interpreted to have resulting from 40Ar* loss via volume diffusion. Furthermore, each sample’s 
Arrhenius plot, derived from the 39ArK release during step heating, deviates from linearity with a 
form similar to those observed for low-temperature K-feldspar. Arrhenius plots such as these, 
have been previously attributed to 40Ar* loss from multiple sizes of diffusion domains.  
 These samples were chosen to test the application of MDD modelling to white mica since 
many previous studies have discussed these samples as yielding apparent diffusion loss profiles 
(Batt et al., 2004; Grove & Bebout, 1995; Harrison et al., 2009; Lister & Baldwin, 1996; Long et 
al., 2018). Apparent diffusion loss profiles, such as those represented in these age spectra, have 
been recently cited as evidence that 40Ar* loss occurs from a distribution of variably sized 
diffusion domains within white mica (Forster & Lister, 2014; Harrison et al., 2009; Kula & 
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Spell, 2012; Long et al., 2018). Even in the original publication prior to the formalization of the 
MDD model, Baldwin & Harrison, (1989) speculate that the form of the age spectra from these 
samples may be a result of argon loss from multiple sizes of diffusion domains. Therefore, it is 
appropriate to evaluate if MDD modelling can be extended to white micas by revisiting the 
40Ar/39Ar data collected for these white micas.  
 The specific samples selected from Baldwin & Harrison, (1992) and Baldwin & Harrison, 
(1989) are those for which we had access to the white micas for application of thermobarometry. 
Additional samples in Baldwin & Harrison, (1992) and Baldwin & Harrison, (1989) are 
described as having similar age gradients. However, several of these samples can be interpreted 
as being partially recrystallized, which does not meet the assumptions intrinsic to MDD theory 
(the rate limiting step of 40Ar* loss is volume diffusion). Therefore, these samples were not 
modelled. 
A2 Detailed Thermal History Modelling Methods 
MDD modelling assumes that volume diffusion is the rate limiting step for 40Ar* loss and 
that release of 39ArK during laboratory heating proceeds via the same mechanisms as in nature 
(e.g. Harrison et al., 2005). Log(r/ro) plots, used to evaluate the assumption of Ar loss via volume 
diffusion on both the geologic timescale and during laboratory heating (Richter et al., 1991), 
were derived by performing a least squares regression on data from the low-temperature portion 
of the Arrhenius plot. Similar forms between the age spectrum and log(r/ro) plot indicates that the 
same diffusion process occurs during in vacuo heating as in nature (Lovera et al., 2002).  
Inverse thermal history MDD modelling was performed using the programs of Lovera et 
al., (2002). A spherical geometry was used to determine diffusion parameters because it permits 
direct comparison of model results to previous muscovite 40Ar* diffusion experiments (Harrison 
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et al., 2009). Use of a spherical geometry does not introduce significant errors as long as the 
same diffusion geometry is used for the calculation of Tc and thermal histories (Harrison et al., 
2009; Lovera, Richter, & Harrison, 1991). The activation energy (Ea) and frequency factor 
(Do/r2), determined from the Arrhenius plot, were used to model domain distributions (number of 
domains, size, and volume fractions). Ea and Do/r2 errors were input as ± 2 kcal/mol and ± 0.5 s-1 
to incorporate the effect of varying Ea and Do/r2 pairs on modelled domain distribution and 
thermal histories. Modelled domain sizes (r), diffusion parameters, an assumed 10°C/Ma cooling 
rate, and spherical geometry, were used to calculate each samples bulk Tc (Dodson, 1973) for 
comparison with crystallization temperatures. Bulk Tc are only relevant for cooling histories that 
are linear in 1/T, and not relevant in cases of prograde heating or reheating during exhumation 
(Dodson, 1973). However, bulk Tc are useful parameters for estimating the primary 40Ar* 
transport mechanism.   
 For thermal history modelling, trial monotonic cooling and non-monotonic cooling 
thermal histories were input through modelled diffusion parameters and used to produce 
synthetic 40Ar/39Ar age spectra. Trial thermal histories were initiated 5 Myr before the oldest 
measured 40Ar/39Ar apparent ages (Lovera et al., 2002). The fit between synthetic and measured 
40Ar/39Ar age spectrum is a metric of thermal history plausibility. Thermal history model results 
are interpreted using a contour plot, representing the density of modelled thermal histories.  
Using the inverse modelled thermal history, best fit domain distribution, diffusion 
parameters, thermobarometric constraints, and an estimate of the activation volume of 15 cm3 ( 
Forster & Lister, 2014; Harrison et al., 2009), we inferred P–T–t paths using the MacArgon 
program to forward model an age spectrum using a modified Arrhenius equation that takes into 
account a pressure effect on diffusivity (Lister & Baldwin, 1996). For MacArgon P–T–t path 
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modelling, we first input the MDD modelled diffusion parameters, domain distribution, and 
activation volume. The MDD thermal history was then input as the temperature-time 
components of the P–T–t path. The P–T conditions of white mica crystallization were used as 
input for the initial conditions. The pressure component was then iteratively adjusted and used to 
forward model an 40Ar/39Ar age spectrum. Comparison of the measured and MacArgon age 
spectra was used to estimate probable P–T–t paths (Figure 3).  
Appendix B 
B1 Electron Microprobe Methods and Additional Results 
 Phengite compositional data were collected using a Cameca SX100 at Rensselaer 
Polytechnic Institute and a Cameca SX5 at Syracuse University, using both thin sections and 
grain mounts. Wavelength dispersive spectroscopy (WDS) compositional maps and quantitative 
spot analyses were collected to document the compositional variation within each phengite. 
Compositional mapping and quantitative spot analyses were obtained with a 15 keV accelerating 
voltage, 10 nA beam current, step size of 3 µm, and 300 ms counting time per grid point. X-ray 
maps were processed using XMapTools in Matlab® (Lanari et al., 2014). WDS maps were 
classified according to mineral compositions, standardized using quantitative spot analyses as 
internal standards, and corrected to eliminate pixels at the grain boundaries.  
 Petrographic observations (Figure 2) and EMP spot analyses of 5 – 7 phengites for each 
sample exclude possible deformation enhanced 40Ar* loss (Dunlap, 1997) and mixing of multiple 
generations as causes for the observed age gradients and Arrhenius trends (Kula, Spell, & 
Zanetti, 2010; Wijbrans & McDougall, 1986).  
Appendix C 
C1 Multi-diffusion domain model sensitivity analysis  
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 Results of this study lead to several questions concerning the number and location of 
40Ar* diffusion domains within white mica. We evaluated these parameters by performing a 
sensitivity analysis of the modelled 40Ar* diffusion parameters with respect to the number of 
assumed 40Ar* diffusion domains (Figure S1). Model inputs were the measured 40Ar/39Ar data of 
sample B2 and the experimentally determined Ea and Do/r2 pair. Diffusion parameters (volume 
fraction and size) were then inverse modelled assuming two, three, ten, and eight (best fit 
number of domains output using the automated routine (Lovera et al., 2002) 40Ar* diffusion 
domains. Arrhenius and log(r/ro) plots were calculated from each inverse modelled 40Ar* domain 
distribution and compared to those determined from the 39ArK released during laboratory heating 
(hereafter referred to as measured).  
 Results of the sensitivity analysis show that the two domain model produces a misfit to 
the measured Arrhenius and log(r/ro) plots, implying that the number of 40Ar* diffusion domains 
must be greater than two. The three domain model fits the measured Arrhenius and log(r/ro) 
plots, and suggests that a minimum number of three 40Ar* diffusion domains can be used to 
describe the diffusion parameters within white mica. This finding is consistent with the results of 
a MDD model sensitivity analysis performed by Harrison et al., 2009. The ten domain model 
was run to determine if a maximum number of 40Ar* diffusion domains could be estimated. 
However, the modelled parameters yield essentially the same fit to the measured Arrhenius and 
log(r/ro) plots. Since the minimum number (three) and ten 40Ar* diffusion domain models 
essentially yielded the same Arrhenius and log(r/ro) plots, either set of diffusion parameters can 
be used to inverse model what we infer to be a meaningful thermal history. This sensitivity 
analysis shows that it is critical to estimate a number of 40Ar* diffusion domains greater than or 
equal to the minimum number of domains for inverse thermal history modelling. These findings 
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are consistent with the results of previous studies that have evaluated the sensitivity of the MDD 
model to the number of diffusion domains (Harrison et al., 2009; Lovera et al., 1991). 
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Tables 
Table 1. Representative chemistry of white mica cores and rims. 
 B1 core B1 rim B2 core B2 rim EA1 core EA1 rim 
Weight Percent oxide 
SiO2 49.59 47.47 50.35 55.75 46.16 48.27 
Al2O3 23.75 24.56 30.80 24.41 31.35 26.44 
FeO 4.31 3.95 1.98 2.91 1.27 1.72 
MnO 0.00 0.00 0.02 0.04 0.00 0.00 
MgO 2.38 2.36 2.87 4.18 2.16 3.39 
CaO 0.22 0.00 0.00 0.00 0.59 0.03 
Na2O 0.00 0.05 1.90 0.12 0.06 0.00 
K2O 10.49 10.14 8.73 9.04 9.73 10.59 
Atoms per formula unit 
Si(T1+T2) 3.51 3.44 3.25 3.62 3.18 3.39 
Al(T2) 0.49 0.56 0.75 0.38 0.82 0.61 
Mg(M1) 0.00 0.02 0.00 0.04 0.02 0.02 
Fe(M1) 0.00 0.02 0.00 0.02 0.01 0.01 
Al(M2+M3) 1.49 1.54 1.60 1.49 1.73 1.57 
Mg(M2+M3) 0.25 0.24 0.29 0.37 0.20 0.33 
Fe(M2+M3) 0.26 0.22 0.11 0.14 0.07 0.10 
K(A) 0.95 0.94 0.72 0.75 0.86 0.95 
Na(A) 0.00 0.01 0.24 0.02 0.01 0.00 
Calculated using 11 oxygen per formula unit. 
Table 2. Summary of phengite petrologic, thermochronologic, and kinetic data. 
Sample Pressure 
(kbar) 
Temperature 
(Txlln) (°C) 
Closure 
Temperature 
(°C) 
40Ar/39Ar 
Age 
Gradient 
(Ma) 
Activation 
Energy 
(kcal/mol) 
Frequency 
Factor 
(Do/r2) (s-1) 
B1a 13.6-14.6 3.82-445 412-452 115-102 68.5±2 9.29±0.5 
B2a 16.2-17.3 375-473 423-440 114-98 68±2 9.26±0.5 
EA1b 10-10.8 397-455 414-419 168-151 66.5±2 7.8±0.5 
Closure temperature determined using best fit Ea and Do/r2 from Arrhenius plots. a Baldwin and 
Harrison 1989, b Baldwin and Harrison 1992 
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Table S1. Sample B1 multi-diffusion domain model inputs.  
Step Temperature 
(°C) 
Time (min) 39Ar (mol) %39Ar Age (Ma) 1σ (Ma) 
1 600 15 1.83E-13 1.29 102.3 1.4 
2 700 17 5.10E-13 4.89 108.4 0.6 
3 750 16 5.45E-13 8.74 106.8 0.3 
4 780 15 6.91E-13 13.6 106.2 0.4 
5 810 16 1.27E-12 22.6 105.7 0.1 
6 840 16 1.89E-12 35.9 107.8 0.2 
7 860 18 1.75E-12 48.2 111.2 0.3 
8 880 18 1.48E-12 58.7 112.9 0.3 
9 900 18 1.30E-12 67.9 113.4 0.3 
10 920 16 1.17E-12 76.2 114.4 0.2 
11 960 16 1.46E-12 86.5 115.4 0.2 
12 1060 15 1.27E-12 95.4 115.5 0.2 
13 1160 15 2.87E-13 97.4 114 0.4 
14 1350 12 3.64E-13 99.99 116.4 0.6 
 
Table S2. Sample B2 multi-diffusion domain model inputs.  
Step Temperature 
(°C) 
Time (min) 39Ar (mol) %39Ar Age (Ma) 1σ (Ma) 
1 650 10 1.28E-13 1.08 94.0 1.8 
2 700 19 2.31E-13 3.01 102.7 1.1 
3 750 17 3.43E-13 5.89 105.1 0.4 
4 800 20 7.39E-13 12.1 104.3 0.4 
5 830 15 6.71E-13 17.7 104.4 0.3 
6 860 16 1.12E-12 27.1 103.2 0.1 
7 890 17 1.35E-12 38.5 105.1 0.2 
8 920 17 1.41E-12 50.3 107.8 0.1 
9 950 18 1.21E-12 60.4 109.7 0.2 
10 980 16 9.06E-13 68.1 110.7 0.2 
11 1010 17 8.27E-13 75.0 112.4 0.2 
12 1040 17 7.63E-13 81.4 113.6 0.4 
13 1090 16 1.14E-12 90.9 114.0 0.2 
14 1150 16 6.90E-13 96.7 113.3 0.2 
15 1350 12 3.91E-13 99.99 157.3 0.5 
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Table S3. Sample EA1 multi-diffusion domain model inputs.  
Step Temperature 
(°C) 
Time (min) 39Ar (mol) %39Ar Age (Ma) 1σ (Ma) 
1 600 14 2.71E-14 0.32 101.0 13.7 
2 670 17 4.57E-14 0.86 149.4 7.1 
3 710 17 6.22E-14 1.59 158.2 5.0 
4 760 18 1.37E-13 3.20 156.4 1.5 
5 810 15 2.04E-13 5.61 155.0 1.0 
6 850 18 4.19E-13 10.6 152.1 0.7 
7 880 20 5.70E-13 17.3 152.6 0.3 
8 920 17 1.02E-12 29.3 157.0 0.3 
9 950 14 1.00E-12 41.2 160.9 0.4 
10 980 19 9.29E-13 52.1 164.1 0.2 
11 1020 17 9.33E-13 63.1 166.0 0.5 
12 1070 19 1.44E-12 80.1 168.1 0.2 
13 1120 13 1.01E-12 92.0 168.0 0.4 
14 1170 18 1.26E-13 93.5 176.2 2.4 
15 1220 15 8.98E-14 94.5 176.2 2.4 
16 1350 12 4.64E-13 99.99 167.5 0.7 
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Table S4. Modelled diffusion parameters.  
Sample Activation 
Energy (Ea) 
Frequency 
Factor 
Geometry Size (µm) Relative 
Volume (%) 
B1 68.5 9.29 Spherical 14.14 1.17 
    10.00 29.92 
    9.29 6.30 
    9.29 8.53 
    8.97 20.11 
    8.76 25.36 
    7.55 8.59 
    3.28 0.01 
B2 68.0 9.26 Spherical 10.96 2.81 
    9.40 10.09 
    9.14 18.53 
    8.81 7.86 
    8.44 19.81 
    7.43 20.80 
    7.29 20.08 
    6.07 0.01 
EA1 66.5 7.8 Spherical 8.41 20.49 
    8.40 12.29 
    7.23 6.60 
    7.22 14.26 
    7.22 12.82 
    7.19 11.23 
    7.15 10.34 
    6.95 11.90 
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Table S5. Sample B1 modelled pressure-temperature-time path.  
Pressure (kbar) Temperature (°C) Age (Ma) 
14.6 389.5 115.6 
13.5 379.6 115.4 
12.5 308.9 114.5 
12.4 285.1 113.0 
12.4 283.8 111.4 
12.3 290.4 110.1 
11.9 303.5 109.2 
9.6 325.4 108.0 
8.7 338.1 107.4 
5.5 349.4 106.7 
3.6 354.7 105.7 
3.5 352.5 104.5 
3.5 344.2 103.3 
3.5 326.7 101.9 
3.3 299.8 100.6 
2.6 266.6 99.6 
	
Table S6. Sample B2 modelled pressure-temperature-time path.  
Pressure (kbar) Temperature (°C) Age (Ma) 
14.4 470.8 115.9 
13.6 455.1 115.5 
12.3 443.6 115.0 
11.6 414.4 114.4 
11.0 377.4 112.3 
10.6 372.3 111.6 
9.9 368.0 110.5 
9.0 361.2 109.1 
8.5 356.6 107.8 
7.7 353.7 106.7 
6.6 351.7 105.7 
5.4 350.8 104.4 
4.7 350.0 102.6 
3.6 348.4 101.8 
2.0 347.6 101.5 
1.2 346.8 100.8 
1.0 344.3 100.1 
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Table S7. Sample EA1 modelled pressure-temperature-time path.  
Pressure (kbar) Temperature (°C) Age (Ma) 
10.8 449.2 180.0 
10.8 437.8 177.6 
10.8 433.4 175.2 
10.8 421.6 172.8 
10.8 403.5 170.4 
10.0 384.0 167.3 
10.0 365.5 164.5 
10.0 352.2 162.2 
10.0 342.4 160.0 
10.0 338.4 157.4 
10.0 335.2 154.9 
10.0 333.3 152.5 
10.0 332.0 150.2 
10.0 330.9 147.2 
10.0 329.6 144.8 
10.0 324.8 142.5 
10.0 320.4 140.5 
10.0 314.0 137.9 
10.0 299.5 135.7 
10.0 252.4 132.9 
10.0 226.6 131.1 
10.0 155.0 128.9 
8.0 102.3 126.5 
6.0 99.7 124.8 
4.0 97.7 122.4 
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Figures 
 
Figure 1. (a-c) 40Ar/39Ar age spectra from phengites in Baldwin and Harrison (1989, 1992). (d) 
Arrhenius plots determined from the %39Ar release during laboratory step heating.  
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Figure 2. Photomicrographs of white mica in cross polarized light. (a) Phengite from blueschist 
block B1. (b) Phengite from epidote-amphibolite facies metapelite EA1.  
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Figure 3. Flow chart of methods used to model continuous P–T–t paths.  
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Figure 4. Representative quantitative WDS maps of oxide weight percent made using 
XMapTools (Lanari et al., 2014). (a-b). Sample B1 exhibits homogeneous compositions from 
core to rim. (c-d). Compositions for sample B2 are indicative of discrete growth periods during 
prograde metamorphism. (e-f). Compositional zoning in sample EA1 indicates continuous 
growth during prograde metamorphism.  
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Figure 5. Thermobarometry results. P–T curves calculated using the kwm-qtz-H2O 
thermobarometer with Si-in-phengite isopleths. Area of intersection between the Si content of 
each phengite and the P–T curve (shaded box) indicates P–T conditions of (re)crystallization. 
Bulk closure temperature ranges were calculated using the diffusion parameters (Ea, Do) obtained 
from step heating experiments, modelled diffusion domain radii, and assuming a spherical 
geometry, and a 10°C/Ma cooling rate.  
	 40	
	
 
	 41	
	
Figure 6. Modelled Arrhenius and log(r/ro) plots, representative of each modelled domain 
distribution. The log(r/ro) plot represents the difference in diffusion domain size (r) from the 
radius of the smallest domain (ro), and is plotted against the 39ArK release. (a) Sample B1 
Arrhenius plot with modelled and measured data. Dashed line represents the determined Ea of 
68.5 ± 2 kcal/mol from linear regression of low temperature steps. (b) Sample B1 log(r/ro) plot 
with modelled data overlain on the experimentally measured. (c) Sample B2 Arrhenius plot with 
modelled data and determined Ea of 68 ± 2 kcal/mol. (d) Sample B2 log(r/ro) plot with modelled 
data overlain on the experimentally measured. (e) Sample EA1 Arrhenius plot with modelled 
data overlain on the experimentally measured with a determined Ea of 66.5 ± 2 kcal/mol. (f) 
Sample EA1 log(r/ro) plot with modelled data overlain on the experimentally measured.  
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Figure 7. White mica cumulative and fractional %39Ar release patterns. Cumulative %39Ar all 
show similar form and degassing pattern. Experimentally determined temperatures of white mica 
dehydroxylation (Zhang et al., 2010) are plotted for comparison. Note that if argon release was 
controlled via mica dehydroxylation in vacuo, there should be a discernible peak in the %39Ar 
released corresponding to temperatures of 600-775°C. 
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Figure 8. Thermal history model results. Confidence intervals (90%) around the median and 
distribution highlight the most probable T–t path. (a) Sample B1 inverse modelled thermal 
history. The contour plot represents the density of modelled thermal histories and has a density 
interval of 100. Inset shows the results of the monotonic cooling models. (b) Sample B1 
measured and modelled age spectra with corresponding log(r/ro) plot. (c) Sample B2 inverse 
modelled thermal history. The contour plot has a density interval of 250. Inset shows the results 
of the reheating thermal histories. (d) Sample B2 measured and modelled age spectra with 
corresponding log(r/ro) plot. (e) Sample EA1 inverse modelled thermal history. The contour plot 
has a density interval of 200. (f) Sample EA1 measured and modelled age spectra with 
corresponding log(r/ro) plot. 
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Figure 9. Forward modelled three-dimensional exhumational P–T–t paths for samples B1, B2, 
and EA1. Data inputs are the experimentally determined diffusion parameters, modelled domain 
radii and volume fraction, inverse modelled thermal histories, and thermobarometric data. Lines 
orthogonal to the age axis are plotted to highlight ages corresponding to various points used to 
define the P–T paths. 
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Figure 10. Forward model T–t path results. (a, c, e) Thermal history confidence intervals 
indicated for each sample. The dashed line is the T–t component of the P–T–t history for 
comparison. (b, d, f) Measured and modelled age spectra for each sample. The dashed red line is 
the forward modelled age spectra from a given P–T–t history. The best fit inverse thermal history 
results age spectra are also plotted for comparison. 
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Figure S1. MDD model domain sensitivity analysis. (a) Composite Arrhenius plot of all 
modelled domain distributions each with a different number of diffusion domains, (b) Composite 
log(r/ro) plot determined from each of the modelled domain distributions, (c-d) modelled 
Arrhenius plot and log(r/ro) plot for a domain distribution consisting of 2 diffusion domains, (e-f) 
modelled Arrhenius plot and log(r/ro) plot for a domain distribution consisting of 3 diffusion 
domains, g-h) modelled Arrhenius plot and log(r/ro) plot for a domain distribution consisting of 
10 diffusion domains, (i-j) modelled Arrhenius plot and log(r/ro) plot for a domain distribution 
consisting of the best fit number of diffusion domains (8) output by the automatic routine of the 
MDD model.  
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Abstract 
 Mineral inclusions are ubiquitous in metamorphic rocks and elastic models for host-
inclusion pairs have become frequently used tools for investigating pressure-temperature (P–T) 
conditions of mineral entrapment. Inclusions can retain remnant pressures (!"#$) that are 
relatable to their entrapment P–T conditions using an isotropic elastic model and P–T–V 
equations of state for host and inclusion minerals. Elastic models are used to constrain P–T 
curves, known as isomekes, which represent the possible inclusion entrapment conditions. 
However, isomekes require a temperature estimate for use as a thermobarometer. Previous 
studies obtained temperature estimates from thermometric methods external to the host-inclusion 
system. In this study, we present the first P–T estimates of quartz inclusion entrapment by 
integrating the quartz-in-garnet elastic model with titanium concentration measurements of 
inclusions and a Ti-in-quartz solubility model (QuiG-TiQ). QuiG-TiQ was used to determine 
entrapment P–T conditions of quartz inclusions in garnet from a quartzofeldspathic gneiss from 
Goodenough Island, part of the (ultra)high-pressure terrane of Papua New Guinea. Raman 
spectroscopic measurements of the 128, 206, and 464 cm-1 bands of quartz were used to calculate 
inclusion pressures using a hydrostatic pressure calibration (!"#$
%&'), a volume-strain calculation 
(!"#$).+.), and elastic-tensor calculation (!"#$,.-.), that accounts for deviatoric stress. !"#$
%&' values 
calculated from the 128, 206, and 464 cm-1 bands hydrostatic calibrations are significantly 
different from one another with values of 1.8 ± 0.1, 2.0 ± 0.1, and 2.5 ± 0.1 kbar, respectively. 
We quantified elastic anisotropy using the 128, 206 and 464 cm-1 Raman band frequencies of 
quartz inclusions and stRAinMAN software (Angel, Murri, Mihailova, & Alvaro, 2019, 234:129 
– 140). The amount of elastic anisotropy in quartz inclusions varied by ~230%. A subset of 
inclusions with nearly isotropic strains give average !"#$).+. and !"#$,.-.	of 2.5 ± 0.2 and 2.6 ± 0.2 
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kbar, respectively. Depending on the sign and magnitude, inclusions with large anisotropic 
strains respectively overestimate or underestimate inclusion pressures and are significantly 
different (< 3.8 kbar) from the inclusions that have nearly isotropic strains. Titanium 
concentrations were measured in quartz inclusions exposed at the surface of the garnets. The 
average Ti-in-quartz isopleth (19 ± 1 ppm (2σ)) intersects the average QuiG isomeke at 10.2 ± 
0.3 kbar and 601 ± 6°C, which is interpreted as the P–T conditions of quartzofeldspathic gneiss 
garnet growth and entrapment of quartz inclusions. The P–T intersection point of QuiG and Ti-
in-quartz univariant curves represents mechanical and chemical equilibrium during 
crystallization of garnet, quartz, and rutile. These three minerals are common in many bulk rock 
compositions that crystallize over a wide range of P–T conditions thus permitting simple 
application of QuiG-TiQ to many metamorphic rocks.  
1 Introduction 
 Minerals may retain physical and chemical information that can be related to their depth 
and temperature (P–T) history during metamorphism. If there has not been any further re-
equilibration, these P–T determinations can be used to infer the metamorphic conditions of 
mineral crystallization (e.g. garnet nucleation and growth). Theoretical models for inclusion-host 
mineral pairs with different elastic properties (e.g. quartz-in-garnet, apatite-in-garnet, zircon-in-
garnet, garnet-in-diamond, kyanite-in-diamond) were recently developed to estimate inclusion 
entrapment P–T conditions (Angel, Nimis, Mazzucchelli, Alvaro, & Nestola, 2015; Anzolini et 
al., 2018; Barkoff, Ashley, & Steele-MacInnis, 2017; Campomenosi et al., 2018; Nestola et al., 
2018; Thomas & Spear, 2018). Low bulk modulus “soft” minerals entrapped in high bulk 
modulus “stiff” host minerals will develop remnant strains upon exhumation from depth (Angel 
et al., 2015). If correctly interpreted, Raman spectroscopic measurements of inclusions can be 
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used to determine the strains in inclusions, which can be used to calculate remnant stresses and, 
therefore, pressures of inclusions (Murri et al., 2018; Thomas & Spear, 2018). Remnant inclusion 
pressures, a mechanical model, and equations of state for the host-inclusion system can be used 
to calculate unique P–T curves (called isomekes) along which inclusions could have been 
entrapped (Adams, Cohen, & Rosenfeld, 1975; Angel et al., 2015; Angel, Mazzucchelli, Alvaro, 
& Nestola, 2017; Rosenfeld & Chase, 1961). Isomekes can be combined with a temperature 
estimate for use as a thermobarometer to determine the unique P–T condition of host mineral 
growth and inclusion entrapment. 
 Previous applications of elastic thermobarometry have combined elastic models with a 
Zr-in-rutile solubility model (Castro & Spear, 2017; Wolfe & Spear, 2018), mineral assemblage 
equilibrium thermobarometry (Ashley, Caddick, Steele-MacInnis, Bodnar, & Dragovic, 2014; 
Barkoff et al., 2017), Fourier transform infrared spectroscopy (Nestola et al., 2018), Raman 
spectroscopy of carbonaceous material (Endo, Wallis, Tsuboi, Torres De León, & Solari, 2012), 
and isomekes of two coexisting inclusions (e.g. quartz-in-garnet and zircon-in-garnet; Zhong, 
Andersen, Dabrowski, & Jamtviet, 2019) to estimate unique P–T conditions. In this study, we 
present the first inclusion entrapment P–T estimates obtained from measurements performed 
solely on quartz inclusions contained in garnet. Raman spectroscopic measurements of quartz 
inclusions were used to determine !"#$ values for use in the quartz-in-garnet (QuiG) thermo-
elastic model. Titanium concentrations of quartz inclusions and a Ti-in-quartz solubility model 
were used in conjunction with QuiG isomekes to determine crystallization P–T conditions. We 
applied this method to quartz inclusions in garnet from a quartzofeldspathic gneiss from the 
eastern Papua New Guinea (ultra)high-pressure terrane (Figure 1; Baldwin, Webb, & 
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Monteleone, 2008) to estimate P–T conditions of garnet growth and and quartz inclusion 
entrapment.  
2 Thermobarometric Methods 
 Elastic thermobarometers have been developed for mineral pairs that have different 
elastic properties (Angel et al., 2015; Angel, Mazzucchelli, Alvaro, Nimis, & Nestola, 2014; 
Ashley et al., 2014; Enami, Nishiyama, & Mouri, 2007; Kohn, 2014; Rosenfeld & Chase, 1961; 
Rosenfeld, 1969; Thomas & Spear, 2018; Van der Molen & Van Roermund, 1986). The freely 
available EoSFit suite of software (http://www.rossangel.com/home.htm) was used to implement 
calculations described below. In summary, inclusions can retain remnant pressures that can be 
related to their entrapment P–T conditions (Sorby & Butler, 1868) using a physical model and 
equations of state that describe volumetric changes in the mineral host-inclusion system.  
2.1 Inclusion Remnant Pressure Calculations 
 For suitable inclusions, remnant inclusion pressures (!"#$) were calculated from room 
temperature measurements of the 128, 206, and 464 cm-1 Raman bands of quartz inclusions in 
garnet using (1) hydrostatic pressure calibration (!"#$
%&'; Schmidt & Ziemann, 2000), (2) volume-
strain calculation (!"#$).+.), and (3) elastic-tensor calculation (!"#$,.-.; Table S1; Murri et al., 2018; 
Bonazzi, Tumiati, Thomas, Angel, & Alvaro, In Press). !"#$
%&'values calculated from the 
hydrostatic calibration assume that the inclusion is subject to hydrostatic (i.e. directionally 
uniform) stresses. Murri et al., (2018) showed that quartz inclusions in garnet have considerable 
elastic anisotropy and develop anisotropic strains because the a and c axes of quartz have 
different compressibilities and thermal expansivities (Angel, Allan, Miletich, & Finger, 1997; 
Hazen, Finger, Hemley, & Mao, 1989; Wang, Mao, Jiang, & Duffy, 2015). Thus a quartz 
inclusion’s stress state cannot be accurately determined from the hydrostatic calibration. 
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Furthermore, Raman band frequencies change when the stress state of a quartz crystal is kept 
constant but the strain state is changed (Angel, Murri, Mihailova, & Alvaro, 2019), such as 
during heating at room pressure (e.g. Ashley, Steele-MacInnis, Bodnar, & Darling, 2016). This 
phenomenon unequivocally demonstrates that the observed Raman shift is directly related to 
strains imposed on the crystal induced by changes in the applied temperature or pressure (Angel 
et al., 2019 ; Murri et al., 2018). For these reasons, the Raman shifts can provide information 
only on the strain state of the inclusion rather than pressure. 
Strains and Raman mode shifts are related through the Grünesien tensor parameters 
(Table S1; Murri et al., 2018). Here we used the stRAinMAN software (Angel et al., 2019) to 
calculate strains ε1+ε2 and ε3 imposed on the quartz crystallographic axes. For the volume-strain 
calculations to obtain !"#$).+., the product of calculated strain and unit cell parameters (Lo) gives the 
lengths of the respective quartz unit cell axes in the strained inclusions (L).  
	/0 =
23425
6
/7 + /7  (1) 
/9 = :9/7 + /7  (2) 
Because of symmetry constraints, ε1+ε2 must be divided by 2 to obtain strain on the equivalent a 
and b axes of quartz. The strained axes lengths were used to calculate the unit cell volume (V) for 
the trigonal-hexagonal crystal system of quartz using 
; = 	/06/9 sin 60°  (3) 
The above volume, V, of strained quartz inclusions and well-known quartz P–V data 
(Angel et al., 1997; Angel, Alvaro, Miletich, & Nestola, 2017) were used to calculate !"#$).+. at 
room temperature conditions.  
For the elastic tensor method of calculating !"#$,.-., strains were used in conjunction with 
elastic constants of quartz at room P–T conditions (Wang et al., 2015). A matrix of the elastic 
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tensor was derived using the elastic constants of Wang et al., (2015) and symmetry constraints of 
trigonal α-quartz (Nye, 1957). Stress was determined from the strains and elastic tensor using 
matrix multiplication,  
BC = 	 D"C:C  (4) 
where cij is the elastic tensor matrix, εj is the strain matrix, and σj is the resulting stress matrix. 
To determine !"#$,.-., the magnitudes of the three stresses derived from the stress tensor matrix 
were summed and divided by three (i.e. the number of non-zero stress components). Because the 
elastic-tensor method of calculating !"#$,.-. effectively determines the actual stress state at room P–
T conditions, it inherently accounts for quartz elastic anisotropy. Even though garnet is (almost) 
elastically isotropic (Sinogeikin & Bass, 2000), quartz has considerable elastic anisotropy 
because the a axis is ~50% more compressible than the c axis (Angel et al., 1997; Hazen et al., 
1989; Wang et al., 2015) and therefore, !"#$ calculations that assume elastically isotropic 
behavior of quartz may yield errant results.  
2.2 Calculation of Entrapment P–T Conditions  
 At entrapment conditions, the inclusion volume was the same as that of the cavity in the 
host mineral, and the pressure applied to both the inclusion and host mineral were equivalent. 
There is a single P–T path, called an isomeke, along which the fractional volume change of the 
host and inclusion are equal (i.e. ;/;7%7+- = ;/;7"#$F). Because the inclusion perfectly fills the 
cavity in the host mineral at all points along an isomeke and no stress develops in the inclusion-
host system, isomekes define the P–T points along which inclusions with a specific Pinc could 
have been entrapped (Figure 2).   
Isomekes can be calculated using,  
!"#$ = !,#' −
HI
9
JKLMNO
P
JKQRRL
P
JKSTU
V
JKLMNO
V −
JKPTW
P
JKLMNO
P  (5) 
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(Eqn 6 of Angel, et al., 2017), where !"#$ is the remnant pressure, Pend is the ambient 
pressure external of the garnet host, X is the shear modulus of the garnet host (Wang & Ji, 2001), 
!Y77- is the pressure along the isomeke at the temperature of Raman measurements, !-Z[\ is the 
pressure at which the inclusion was trapped in the host, and ;% and ;" refer to the EoS volumes 
of the host and inclusion at the subscripted P–T conditions (Figure 2). Volumes of quartz were 
calculated using a P–T–V equation of state and parameters for the full Landau transition and 
curved α=β phase boundary model (Angel, Alvaro, Miletich, & Nestola, 2017). The Tait 
equation of state described in Holland & Powell, (2011) and equation of state parameters from 
references listed in Table 1 were used to calculate garnet volumes. Angel et al., (2017) provide 
further details on the theory and methodology of isomeke calculation.  
This elastic model assumes that the host mineral is sufficiently large (i.e. 3x inclusion 
diameter) to act as an infinite medium for the inclusion (Zhang, 1998), and that the inclusion is 
spherical (Mazzucchelli et al., 2018) and elastically isotropic (Angel, et al., 2017; Murri et al., 
2018). Ideally, no deviatoric (i.e. not directionally uniform) stress occurred at the moment of 
entrapment and the host cavity perfectly accommodated the quartz inclusion. Because the 
essentially isotropic garnet is constraining the anisotropic quartz, subsequent changes in P–T 
conditions caused deviation from its specific isomeke. The inclusion will therefore be subject to 
isotropic strains and develop deviatoric stress. These residual strains have been previously 
directly measured with X-ray diffraction and Raman spectroscopy in a quartz inclusion in garnet 
(Murri et al., 2018) and the relative stresses (i.e. !"#$) have been calculated. 
 However, an inclusion with a specific remnant stress state (!"#$) could have been trapped 
at any P–T point along its isomeke (Figure 2b). Therefore, a temperature estimate is needed in 
conjunction with the QuiG isomeke to calculate a unique entrapment pressure. Numerous well-
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constrained phase equilibria could theoretically be used in conjunction with QuiG isomekes to 
constrain crystallization conditions (e.g. albite=quartz + jadeite). However, quartz inclusions in 
garnet provide an excellent opportunity for thermobarometric applications because 
measurements of a single mineral can be used to uniquely define P–T conditions of 
crystallization without relying on temperature estimates obtained from other thermometric 
methods or phase relations of minerals external of the host-inclusion system. Specifically, the 
QuiG isomekes can be combined with a Ti-in-quartz solubility model (Thomas et al., 2010) to 
uniquely define P–T conditions of quartz inclusion entrapment in garnet. The crossing point of 
QuiG isomekes with Ti-in-quartz isopleths will yield a P–T estimate of garnet crystallization and 
quartz inclusion entrapment (Figure 2b).  
3 Analytical Methods 
 A Renishaw inVia Raman microprobe at Syracuse University was used to measure the 
Raman shift of quartz inclusions in garnet. A 532 nm laser was focused onto specimens with 
100X microscope objectives (N.A.=0.9). The Raman shifted light (180° backscattering 
geometry) was statically dispersed with 1800 groove/mm gratings onto charged-couple devices 
resulting in spectral resolution of 0.5 cm-1. The spectrometer was calibrated against Ne lines and 
a silicon standard. Spectral accuracy and linearity were checked throughout each analytical 
session by measuring the Rayleigh scattered light from the 532 nm laser, the 520.5 cm-1 Raman 
band of a silicon standard, and the Raman bands of a synthetic quartz reference material from the 
Westinghouse Corporation (Table S2). All Raman spectra were acquired for 20 seconds and 
measured at room conditions of 23°C and 1 bar. Spectra were not processed or corrected prior to 
peak fitting using Renishaw software. Errors on fitted band positions are ~0.2 to 0.3 cm-1. Raman 
band frequencies of quartz at about 127.5, 205.9 and 464.8 cm-1 are referred to as the 128, 206 
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and 464 bands. Multiple measurements performed near the centers of individual inclusions 
provide the best constrained conditions, reduce uncertainty from geometric strain localization 
effects, and allows corrections to be made (Campomenosi et al., 2018; Korsakov, Zhukov, & 
Vandenabeele, 2010; Mazzucchelli et al., 2018; Murri et al., 2018; Zhukov & Korsakov, 2015). 
A Cameca SXFive electron microprobe at Syracuse University was used for trace 
element measurements of Ti concentrations in quartz inclusions exposed at the polished surface 
of garnets, quantitative spot analyses of major/minor elements in garnets, and mapping elemental 
distributions in garnet hosts. All measurements were performed with 15 kV accelerating voltage. 
The five wavelength dispersive spectrometers were tuned, and elements were standardized using 
silicate and oxide mineral standards by adjusting the beam current to attain ~12,000 counts per 
second on gas-flow proportional counters. Trace element measurements of Ti in quartz were 
performed using a 200 nA beam current and a ‘focused’ beam. Titanium Kα X-rays were 
diffracted with large PET diffraction crystals (22 x 60 mm) and simultaneously counted on four 
spectrometers (400 seconds peak, 200 seconds background). Individual measurements have a 5 
ppmw detection limit (Nachlas, Thomas, & Hirth, 2018). Synthetic quartz reference materials 
with 18 and 100 ppm Ti (Thomas et al., 2010) were measured throughout each session. The 
measured quartz inclusions were 10 to 50 µm in maximum dimension. To avoid secondary 
fluorescence effects, care was taken to avoid Ti measurements within ~50 µm of rutile crystals. 
We performed multiple measurements of single inclusions when possible.  
 Major element and Ti trace element analyses of garnets were performed using an 
analytical protocol that utilized beam conditions to prevent detector dead time issues for major 
elements, and to maximize counts on trace concentrations of Ti. After major elements were 
measured using a 20 nA beam, the beam current was increased to 200 nA and Ti Kα X-rays were 
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diffracted in three spectrometers using large PET diffraction and counted for 400 seconds (200 
seconds on backgrounds). Garnet major element oxide compositional maps used a focused 100 
nA beam, 0.05 second dwell time and 1 µm stage-step size.   
4 Sample Description and Previous Thermobarometry  
4.1 Quartzofeldspathic Gneiss Sample 03115 
 The basement rocks of the Goodenough Island, Papua New Guinea consists of felsic-
intermediate gneisses with boudins of mafic eclogites that were metamorphosed at (U)HP 
conditions (Baldwin et al., 2004; Baldwin, Fitzgerald, & Webb, 2012; Baldwin, Lister, Hill, 
Foster, & McDougall, 1993; Baldwin et al., 2008; Davies & Warren, 1988; DesOrmeau et al., 
2018; Little et al., 2011; Miller, Baldwin, & Fitzgerald, 2012). Sample 03115 is a 
quartzofeldspathic gneiss from the southern margin of Goodenough Island, Papua New Guinea. 
This sample was chosen for this study because of its abundance of primary quartz and rutile 
inclusions and undeformed nature of garnets. Furthermore, the Papua New Guinea metamorphic 
core complexes comprises the youngest known garnet bearing metamorphic terrane with multi-
collector ICP-MS Lu-Hf ages of garnets being as young as c. 8 Ma in mafic eclogites 
(Zirakparvar et al., 2011). In the quartzofeldspathic gneiss garnets are hypothesized to be 
younger (< 8 Ma) based on in-situ SIMS U-Pb ages from zircon inclusions in garnet from mafic 
eclogite (2.1 ± 0.5 Ma; sample 03118b in Monteleone et al., 2007) and SIMS U-Pb ages of 
zircon metamorphic overgrowths (2.9 ± 0.3 Ma; sample 03118m in Zirakparvar, Baldwin, & 
Schmitt, 2014)) from the host gneiss, both of which were interpreted to date the timing of peak 
metamorphism in the quartzofeldspathic gneiss. For this study, the young ages of peak 
metamorphism are important because metamorphic overprinting and complex garnet growth 
histories are less likely to have occurred. The locality of sample 03115 is near the same sample 
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that has the U-Pb dated zircons which were interpreted to reflect peak metamorphic conditions 
(Figure 1; sample 03118; Monteleone et al., 2007; Zirakparvar et al., 2014).  
 The quartzofeldspathic gneiss sample 03115 contains 300 to 400 µm diameter almandine 
rich garnets, plagioclase, quartz, and amphibole (Figure 3). Accessory ilmenite, titanite, and 
zircon are present in the matrix. Garnets are generally euhedral and relatively undeformed, 
typically occurring in a matrix of plagioclase and quartz. Garnets contain abundant inclusions of 
quartz, apatite, rutile, and zircon.  
Quartz inclusions typically can reach up to 50 µm in maximum diameter and exhibit a 
variety of shapes. Irregularly shaped inclusions (elongate or lobate) require geometric corrections 
for elastic thermobarometric applications (Mazzucchelli et al., 2018), and were therefore not 
analyzed. Inclusions targeted for elastic thermobarometry were spherical and located >50 µm 
from interfaces (e.g. cracks, polished surface). Garnet crystals typically contain many inclusions 
thus allowing evaluation of differences between inclusions contained in cores and rims. Rutile 
inclusions in cores and rims of garnets are dark red to brown colored, ~5 to 25 µm in maximum 
dimension, have equant shapes, and occur as primary inclusions in garnet located away from 
cracks. 
4.2 Previous Thermobarometry 
 The P–T conditions of peak through retrograde metamorphism for Papua New Guinea 
(U)HP mafic eclogites and their host felsic quartzofeldspathic gneisses, have been previously 
constrained using equilibrium based exchange thermobarometers (Baldwin et al., 2004, 2008; 
Davies & Warren, 1988; Davies & Warren, 1992; Hill & Baldwin, 1993), trace element 
thermobarometry (Baldwin et al., 2008; DesOrmeau et al., 2018; Korchinski, Little, Smith, & 
Millet, 2012; Korchinski et al., 2014; Monteleone et al., 2007; Zirakparvar et al., 2014), and 
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multi-equilibrium phase modelling (Brownlee et al., 2011; DesOrmeau et al., 2017) (Table S3). 
These studies suggest that mafic eclogites preserve peak metamorphic mineral assemblages that 
formed at higher pressures than the enveloping quartzofeldspathic gneiss which contains a 
mineral assemblage indicative of an amphibolite facies metamorphic overprint.  
 In previous petrologic studies of the quartzofeldspathic host gneiss on southeast 
Goodenough Island, Ti concentrations of zircon metamorphic overgrowths, were used to 
constrain peak metamorphic temperatures of 665 ± 67°C and 590 ± 59°C (Zirakparvar et al., 
2014). Jadeite barometry was used on an omphacite bearing quartzofeldspathic gneiss to 
determine a minimum peak pressure estimate of 14 kbar and Zr-in-rutile thermometery was used 
to constrain temperatures of 677 – 817°C (Monteleone et al., 2007). Korchinski et al., 2014 
interpreted garnet-aluminosilicate-plagioclase-quartz (GASP) thermobarometry and Zr-in-rutile 
P–T estimates of 12.1 – 14.4 kbar at 630 – 665°C as the conditions of amphibolite facies 
metamorphic overprint. Ti-in-quartz thermobarometry assuming pressures of 7, 10, and 14 kbar, 
was used to determine temperature estimates of 460 – 755°C during final exhumation of the 
quartzofeldspathic gneiss (Korchinski et al., 2012). Variations of Ti concentrations measured in 
quartz from the core zone gneisses (20 – 100 ppm Ti) as compared to carapace shear zone (2.5 – 
20 ppm Ti) of the Goodenough Island dome (Figure 1) were interpreted as core exhumation from 
the greatest depths corresponding to the highest temperatures (Korchinski et al., 2012; Little, 
Hacker, Brownlee, & Seward, 2013).  
5 Results and Discussion  
5.1 Elastic Thermobarometry 
 Essentially all the garnet crystals from sample 03115 contained numerous quartz 
inclusions (Figure 3a–c). Quartz inclusions (n = 92) contained in garnets (n = 26) measured by 
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Raman spectroscopy were approximately spherical, 10 to 50 µm in diameter, fully encapsulated 
by host garnet, and not near cracks or visible crystalline defects. Quartz inclusions occur in cores 
and rims of garnet hosts that have subtle compositional zoning. Host garnets have decreasing 
grossular (mole fraction XGossular = 0.26 – 0.17), increasing XAlmandine (0.56 – 0.63), increasing 
XPyrope (0.17 – 0.19), and constant XSpessartine (0.01) from core to rim (Figure S1, Table S4). 
Sample 03115 garnet compositions plot in the same space as the quartzofeldspathic gneiss 
garnets with U-Pb dated zircon inclusions on the garnet composition ternary diagram of 
Monteleone et al., (2007) (Figure S2). At first-order approximation, the small differences in core 
to rim garnet compositions suggests a simple garnet growth history. 
The three Raman bands of quartz inclusions studied here are shifted towards higher 
wavenumbers (ω) relative to a free quartz crystal used as reference material (Figure 2a, 4). The 
magnitudes of the Raman shift for each band are not correlated with positions in the garnet host 
crystals, and Raman band positions have normal distributions about averages (Figure 4). The 
average Raman shifts of the three main bands of quartz inclusions are 129.4 ± 0.1 cm-1, 212.3 ± 
0.3 cm-1, and 467.0 ± 0.1 cm-1, (Figure 4; Table S1; Δω128  = 1.3, Δω206 = 5.7, Δω464 = 2.3 cm-1; 
errors are two standard errors of the mean). Collectively, the small changes in garnet 
composition and normal distributions of Raman shifts measured in quartz inclusions suggest that 
a single stage of garnet growth encapsulated a single population of quartz inclusions. 
Inclusion pressures calculated from the 128, 206, and 464 cm-1 Raman bands of quartz 
inclusions using the hydrostatic pressure calibration (Schmidt & Ziemann, 2000) give !"#$
%&' 
values of 1.8 ± 0.1, 2.0 ± 0.1 and 2.5 ± 0.1 kbar respectively (Table S1). As shown on Figure 5a, 
in most cases !"#$
%&' values for the 128, 206 and 464 cm-1 bands are significantly different from 
one another. This means that isomekes for each of the Raman bands of an individual inclusion 
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would yield significantly different entrapment pressures, which is physically impossible and 
nonsensical. We emphasize that the elastic properties of quartz are not isotropic because 
compressibilities and expansivities are different along the a and c axes in quartz (Raz, 
Girsperger, & Thompson, 2002). It is likely that inclusion pressure differences for each of the 
three bands studied occurs because the quartz inclusions contained in garnet are under deviatoric 
strain.  
The average Raman shifts of the three main bands of quartz inclusions relative to the 
Raman band frequencies of unencapsulated quartz (i.e. Δω128, 206, 464), quartz Grünesien 
parameters (Murri et al., 2018), and stRAinMAN software (Angel et al., 2019), were used to 
calculate strain imposed from the garnet hosts onto each of the quartz inclusions (Table S1). At 
this point it is important to emphasize that the elastic model in Eqn 1 strictly applies only to 
spherical inclusions that are under isotropic strains. If we quantify the elastic anisotropy of the 
strains imposed on the quartz inclusion as, 
  ] = 	 23425
6
− :9   
then an inclusion under perfectly isotropic strains would have equivalent strains on the a and c 
axes to yield an elastic anisotropy equal to zero 
] = 23425
6
− :9 = 0.   
Measured inclusions were approximately spherical, but none of them contained perfectly 
isotropic strains (Table S1). The amount of strain in inclusions varied by ~230% (Figure 6a), but 
a subset of inclusions has nearly isotropic strains. Experimental and computational studies are 
underway to physically evaluate limits on the amount of strain required to deem an inclusion 
useable for calculating the !"#$).+. or !"#$,.-. and resultant isomekes. Given the elastic anisotropy 
distribution in our dataset, we assign a reasonable anisotropy criterion of ± 1e-3 for an inclusion 
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to be used in Eqn 1 that assumes elastically isotropic behavior (Eshelby 1975, Angel, et al., 
2017, Murri et al 2018). Out of the 92 inclusions measured, 28 inclusions meet the anisotropy 
criterion (Figure 6a; Table S1), thus making them suitable for use in the elastic model to 
calculate isomekes. Using these inclusions volume-strains and the quartz P–V data of Angel, et 
al., (2017), this subset of inclusions with nearly isotropic strains gives an average !"#$).+. of 2.5 ± 
0.2 kbar (Figure 6b). Using the same subset of inclusions the stresses calculated from the 
measured strains and the elastic tensor data of Wang et al., (2015), give an average !"#$,.-. of 2.6 ± 
0.2 kbar. Further restricting the anisotropy criterion does not decrease the !"#$).+. or !"#$,.-. standard 
errors and was considered unnecessary thus further confirming the validity of the anisotropy 
criterion. In this study, !"#$,.-. and !"#$).+.  determined are indistinguishable from one another (Figure 
5b, 6b) because of the relatively low deviatoric strains if compared to the synthetic samples of 
Bonazzi et al., (2019). 
Interestingly, garnet hosts commonly contain multiple inclusions, but all inclusions in a 
single garnet may not meet the ± 1e-3 elastic anisotropy criterion. For example, in garnet crystal 
#16 inclusion #16a has an elastic anisotropy of 1e-5 and inclusion #16g has anisotropy of -3.95e-
3 (Table S1) possibly because of the crystallographic orientations between the inclusion and host 
garnet. In general, inclusions with anisotropic strains that are larger than +1e-3, or less than -1e-3 
respectively overestimate or underestimate !"#$. For example, inclusion #8b has an anisotropy of 
-1.82e-2 and a calculated !"#$).+. of 6.4 kbar and !"#$,.-. of 5.2 kbar; inclusion #11c has an anisotropy 
of 8.3e-3 and a calculated !"#$).+. of 0.9 kbar and !"#$,.-. of 1.5 kbar (Figure 6; Table S1). !"#$ values 
obtained from inclusions with strongly negative anisotropic strains would yield isomekes that 
overestimate entrapment pressures, and !"#$ values obtained from inclusions with strongly 
positive anisotropic strains would yield isomekes that underestimate entrapment pressures.  
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Figure 6b shows that !"#$
%&' determined from the hydrostatic calibrations for the 128 and 
206 cm-1 Raman bands are less than !"#$,.-. and !"#$).+. , whereas the 464 cm
-1 band gives !"#$
%&' values 
that are similar to !"#$,.-. and !"#$).+. because the slope of the isoshift line for the 464 cm
-1 band are 
close to that of the isobar (see Murri et al., 2018) in agreement with what was proposed by 
(Bonazzi et al., 2019). In general, the !"#$,.-. and !"#$).+. calculations give similar !"#$ values (Figure 
5b). The discrepancy between !"#$,.-. and !"#$).+. calculations (∆!"#$) increases as anisotropy 
becomes strongly positive or negative. For example, inclusion #8b has the largest negative 
anisotropy and also yields the greatest absolute value ∆!"#$ of 1.7 kbar (Table S1). The quartz 
inclusions that meet the ±1e-3 anisotropy criteria have ∆!"#$	of 0.1 ± 0.01 kbar (2σ).  
 The amount of elastic anisotropy developed in quartz inclusions contained in garnet was 
not fully appreciated in a previous experimental study in which garnet with quartz inclusions 
crystallized from hydrothermal fluids (Thomas & Spear, 2018). The !"#$
%&' values calculated from 
the 128, 206 and 464 cm-1 band frequencies of the experimental quartz inclusions in garnet were 
concordant with one another, which implies the selected inclusions represent an endmember 
crystallization environment in which quartz and garnet crystallized under nearly pure hydrostatic 
conditions. Under lithostatic conditions, quartz may have crystallized in an environment that 
produced deviatoric stresses on quartz crystals prior to entrapment in growing garnet crystals. 
The amount of elastic anisotropy present in natural specimens may reveal the nature of deviatoric 
stresses present during quartz and garnet growth in rocks. 
5.2 Titanium solubility in quartz inclusions 
 Quartz inclusions exposed on the polished surfaces of garnet crystals from sample 03115 
ranged from ~12 to 76 µm in diameter (Figure 7a). Fifty-two measurements of quartz inclusions 
from 19 garnets (Table S5) have a normal distribution with an average of 19 ± 1 ppm Ti (11 – 26 
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ppm Ti Figure 7a). The Ti concentration of matrix quartz ranged from 14 to 101 ppm (average of 
38 ± 25 ppm Ti). The host garnet crystal Ti concentrations varied from ~20 to 1055 ppm (Figure 
7b), and there is evidence for minor zoning in Ti concentration (Figure 7c). Numerous spots 
were measured on larger quartz inclusions along transects radiating outwards from the inclusion 
into surrounding garnet. There were no discernable spatial variations in Ti concentrations within 
individual quartz inclusions (~2 ppm). As shown in Figure 7, Titanium concentrations in quartz 
inclusions are neither correlated with inclusion size nor Ti concentration of adjacent host garnet 
(Table S6). Collectively, there is no evidence that Ti concentrations of quartz inclusions were 
affected by post-entrapment diffusion, and measurements were not affected by secondary 
fluorescence analytical artifacts.  
5.3 Quartz-in-garnet barometry and Ti-in-quartz thermobarometry  
 QuiG isomekes were calculated for the subset of 28 quartz inclusions using the !"#$,.-. and 
!"#$).+. values (Figure 8) and the elastic model described in Eqn 5 (Eshelby 1975, Angel et al., 
2017). Previous applications of elastic thermobarometry have typically assumed that independent 
temperature estimates can be used to determine quartz inclusion entrapment pressures. This 
practice often neglects the timing of thermometers chemical equilibration with elastic barometers 
mechanical equilibration. When using chemical equilibrium based thermobarometric methods 
(i.e. exchange reactions, pseudosections), this practice implicitly assumes that both chemical and 
mechanical equilibrium were achieved at the same time. In complex multi-phase mineral 
systems, the validity of this assumption is difficult to evaluate. For example, temperature 
estimates throughout the metamorphic history of the quartzofeldspathic gneiss range from ~450 
to 817°C for a nearby gneiss (Korchinski et al., 2014; Little et al., 2013; Monteleone et al., 2007; 
Zirakparvar et al., 2014). If the minimum temperature estimate from lattice preferred orientations 
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of matrix quartz (450°C) is used to constrain QuiG isomekes, the determined entrapment 
pressure is 8 kbar (Figure 8). However, lattice preferred orientations of quartz likely determine 
the temperature associated with recrystallization of matrix quartz during the late stages of 
exhumation (Little et al., 2013). In this case, quartz lattice preferred orientations were likely 
developed after garnet crystallization and quartz inclusion entrapment, and it would be 
inappropriate to use lattice preferred orientations to constrain QuiG isomekes. Similarly, if the 
maximum temperature based on Zr-in-rutile thermometry (817°C) for gneisses in this region is 
applied, the determined entrapment pressure is 14 kbar (Figure 8; Monteleone et al., 2007). Zr-
in-rutile temperature estimates have been interpreted to constrain the timing of peak 
metamorphism in a nearby omphacite bearing gneiss sample (Monteleone et al., 2007). However, 
omphacite is not present in our studied quartzofeldspathic gneiss sample and this temperature 
estimate should not be used to constrain quartz inclusion entrapment pressures in garnets from a 
rock with a different bulk rock composition. Inclusion entrapment P–T conditions can be further 
constrained by instead using the crossing points of QuiG isomekes and Ti-in-quartz isopleths 
from quartz inclusions in garnet as described below (Figure 3b).  
The elastic model for quartz inclusions in garnet as described above by Eqn 5 can be 
combined with a Ti-in-quartz solubility model (Thomas et al., 2010) and applied as a quartz-in-
garnet and Ti-in-quartz thermobarometer (QuiG-TiQ) to estimate P–T conditions of garnet 
crystallization and quartz inclusion entrapment. The simplest application of QuiG-TiQ 
thermobarometry involves rocks that demonstrably co-crystallized garnet, quartz, and rutile to 
fix _`"a5
Zb-"F,at unity. Since both quartz and rutile inclusions were entrapped in the core and rim of 
the same garnets, _`"a5
Zb-"F, remained fixed throughout the garnet crystallization history. Therefore, 
the physical and chemical properties of the quartz inclusions can be used to recover the 
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entrapment P–T conditions. In this method the P–T crossing point of a QuiG isomeke and a Ti-
in-quartz isopleth represents the mechanical and chemical equilibrium in the system during 
crystallization of garnet, quartz, and rutile. Garnet, quartz, and rutile are common in many bulk 
compositions that crystallize over a wide range of P–T conditions thus permitting simple 
application of QuiG-TiQ thermobarometry to many igneous and metamorphic rocks.   
An important advantage of QuiG-TiQ is that P–T estimates can be obtained from 
measurements of a single quartz inclusion. For example, Raman measurements can be performed 
on a quartz inclusion in garnet, and the same inclusion can be subsequently exposed and polished 
for Ti-in-quartz measurements. Most previous applications of elastic thermobarometry have 
generally used a temperature estimate obtained from an external method or an assumed 
constraint to determine the P–T of mineral entrapment conditions on an isomeke (Anzolini et al., 
2019; Ashley et al., 2014, 2016; Barkoff et al., 2017; Bayet, John, Agard, Gao, & Li, 2018; 
Castro & Spear, 2017; Enami et al., 2007; Endo et al., 2012; Kouketsu, Hattori, Guillot, & 
Rayner, 2016; Kouketsu, Enami, & Mizukami, 2010; Nestola et al., 2018; Soret et al., 2019; 
Spear, Thomas, & Hallett, 2014; Taguchi, Enami, & Kouketsu, 2016; Taguchi, Enami, & 
Kouketsu, 2018; Wolfe & Spear, 2018; Zhong et al., 2019). For example, pseudosection 
modelling uses bulk-rock geochemistry and mineral chemical compositions to reveal the ranges 
of stable P–T conditions where possible mineral assemblage can crystallize at chemical 
equilibrium. Model results have been frequently combined with QuiG to estimate crystallization 
P–T conditions (Endo et al., 2012; Soret et al., 2019; Taguchi et al., 2016; Taguchi et al., 2018; 
Viete et al., 2018). Recently, Castro & Spear, (2017) and Wolfe & Spear, (2018) combined QuiG 
with the Zr-in-rutile solubility model to estimate crystallization P–T conditions on a QuiG 
isomeke, an elastic thermobarometry method that requires chemical equilibrium controlled by 
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co-crystallization of quartz, garnet, rutile, and zircon. Mechanical and chemical equilibrium 
required for applications of QuiG-TiQ thermobarometry requires co-crystallization of quartz, 
garnet, and rutile, which reduces system variance to three minerals and two univariant curves 
that intersect at one point in P–T space (Figure 9). 
The Ti concentrations of quartz inclusions (Table S3) and the Ti-in-quartz solubility 
model of Thomas et al. (2010) were used to calculate Ti-in-quartz isopleths (Figure 9). Equant 
rutile crystals were present as inclusions in most garnet crystals (Figure 2) indicating that garnet, 
quartz and rutile co-crystallized, which fixed TiO2 activity at unity (i.e. _`"a5
Zb-"F, = 1). The 
average Ti-in-quartz isopleth crosses the average QuiG isomeke at 10.2 ± 0.3 kbar and 601 ± 6°C 
(Figure 9), which are similar to previous temperature estimates from Zr-in-rutile thermometry, 
and Ti-in-zircon thermometry for quartzofeldspathic gneisses from Taleba Bay in southeast 
Goodenough Island (Korchinski et al., 2014; Zirakparvar et al., 2014; error estimates based two 
standard errors on the mean of the calculated !"#$,.-. and !"#$).+.	values and Ti-in-quartz 
concentrations).  
5.4 Garnet Growth in the Quartzofeldspathic Gneiss 
 Garnet is often zoned and frequently records evidence of multiple growth and resorption 
periods (e.g. Lanari, Giuntoli, Loury, Burn, & Engi, 2017). Based on preserved chemical zoning 
patterns, garnet is also generally hypothesized to have grown during prograde metamorphism. 
However, the garnets from the quartzofeldspathic gneiss are relatively uniform in chemical 
composition and inclusions in garnet have uniform chemical and elastic properties, which we 
infer implies that garnet growth occurred during a single metamorphic event. Furthermore, 
temperatures of 601°C at ~30 km depths determined using QuiG-TiQ yield a minimum 
geothermal gradient of ~20°C km-1, which is significantly higher than the inferred late Miocene 
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subduction zone geothermal gradient of ≤ 8°C km–1 (Baldwin et al., 2008). Therefore, our P–T 
data are inconsistent with a model of garnet growth during prograde subduction zone 
metamorphism. Instead, our P–T data can be explained by a model of garnet growth and quartz 
inclusion entrapment during amphibolite facies metamorphism during either peak or retrograde 
overprinting metamorphic conditions. Adjacent omphacite bearing quartzofeldspathic gneisses 
(sample 03118) that host retrogressed mafic eclogites were metamorphosed at depths of ~42 km 
and temperatures of 600–817°C (DesOrmeau et al., 2018; Korchinski et al., 2014; Monteleone et 
al., 2007; Zirakparvar et al., 2014). However, any garnet that may have formed during 
metamorphism at 12–14 kbar and 600–817°C is not preserved or evident in this sample. The 
quartzofeldspathic gneiss sample studied here instead was metamorphosed in the amphibolite 
facies and does not preserve evidence of metamorphism at eclogite or UHP metamorphic 
conditions. It is likely that subducted continental rocks experienced a range of peak metamorphic 
conditions within the subduction channel (e.g. DesOrmeau et al., 2018; Liao et al., 2018), 
manifested as different P–T conditions of garnet growth at the outcrop scale. For example, Zr-in-
rutile thermometry applied to a quartzofeldspathic gneiss from northern Goodenough Island 
indicate peak metamorphism temperatures of 865°C which demonstrates the range of peak 
metamorphic conditions experienced by the subducted continental rocks (DesOrmeau et al., 
2018). Other localities of the quartzofeldspathic gneiss are migmatitic, suggesting that varying 
degrees of partial melting that may explain some of the spatial temperature variations. 
 Based on our thermobarometric constraints and integration with published 
geochronologic and petrologic data, we propose the following model for garnet growth in this 
quartzofeldspathic gneiss. Garnet growth and entrapment of co-crystallizing quartz and rutile in 
the quartzofeldspathic gneiss occurred at amphibolite facies metamorphic conditions 
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corresponding to a pressure of 10.2 ± 0.3 kbar and a temperature of 601 ± 6°C (Figure 10a). The 
timing of peak metamorphism is inferred to be < 2.1 Ma based on the SIMS U-Pb ages of zircon 
inclusions in similar composition garnets to those in 03115 (Monteleone et al., 2007) (Figure 
10b). The U-Pb ages on zircon inclusions in garnet are within error of those determined from 
matrix zircon metamorphic overgrowths in the quartzofeldspathic gneiss (Zirakparvar et al., 
2014) which also yielded Ti-in-zircon temperature estimates that are similar to those from QuiG-
TiQ. Quartz inclusions are present from core to rim of the garnet and do not yield significantly 
different Ti concentrations or !"#$ values indicative of garnet growth during changing 
metamorphic conditions (i.e. prograde or retrograde metamorphism). Therefore, quartz inclusion 
entrapment occurred during a single garnet crystallization event in the amphibolite metamorphic 
facies.  
6 Conclusions 
Quartz inclusions in garnet crystals from the studied quartzofeldspathic gneiss sample 
contained significant elastic anisotropy. For this reason, the hydrostatic calibrations that directly 
correlate changes to the Raman band positions with increasing pressure (e.g. Schmidt & 
Ziemann, 2000) may not return accurate inclusion pressures. Elastic anisotropy in quartz 
inclusions causes significant differences in !"#$
%&'	values calculated from the 128, 206 and 464 
cm-1 band frequencies of quartz (e.g. !"#$
%&' values of 1.8 ± 0.1, 2.0 ± 0.1 and 2.5 ± 0.1 kbar 
respectively). Instead, changes to the Raman band positions are related to the amount of strain in 
quartz inclusions in garnet. By using appropriate Grünesien parameters to determine the amount 
of strain on the a and c axes of quartz (Murri et al., 2018), the (1) strained volume of inclusions 
and well-known P–V data (Angel et al., 2017), or (2) elastic tensor of quartz (Wang et al., 2015), 
can be used to calculate !"#$ values. We used the amount of elastic anisotropy present in quartz 
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inclusions to identify suitable inclusions to calculate isomekes along which quartz inclusions in 
garnet must have been trapped. Inclusion pressures, an elastic model, Ti concentrations in quartz 
inclusions, and a Ti-in-quartz solubility model were used for QuiG-TiQ thermobarometry to 
uniquely estimate P–T conditions of crystallization. QuiG-TiQ pressure estimates for the studied 
sample are lower than those previously determined using conventional thermobarometry (i.e. 
exchange thermobarometry) for other nearby quartzofeldspathic gneiss samples. Our results 
suggest that garnet growth in this quartzofeldspathic gneiss from the southern margin of 
Goodenough Island occurred during amphibolite facies metamorphism at 10.2 ± 0.3 kbar and 
601 ± 6°C.  Future studies may combine QuiG-TiQ thermobarometry with other trace element-
in-mineral solubility models (e.g. Al-in-quartz; (Nachlas & Thomas, 2018), and elastic models 
for new inclusion-host pairs such as zircon-in-garnet (Zhong et al., 2019) to further constrain P–
T estimates of crystallization. 
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Tables  
Table 1. Equation of state parameters and sources used to calculate pressure of quartz (Qz) 
inclusion entrapment in host garnet (Alm). 
Mineral Vo Ko 
(GPa) 
K1 K11 ao (10-5 K-
1) 
dK/dT 
(GPa/K) 
ξ µ Ref 
Qz 1.0462 62.2798 5.0714 -7.889E-3 -4.688E-2 0.016 - - 1 
Alm 1531.21 190 2.98 -1.6E-3 2.12 - 451.83 92.1 2 
 
Vo is relative volume, Ko is the bulk modulus, K1 is the bulk modulus first derivative, K11 is the 
bulk modulus second derivative, ao is the thermal expansion coefficient, ξ is the Einstein 
temperature, µ is the shear modulus. Reference 1: Angel et al., (2017). 2. Holland & Powell 
(2011). 
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Table S1. Raman spectroscopy data for quartzofeldspathic gneiss 03115. 
 
 
Sample 
Name dω128 dω206 dω464 (ε1+ε2)/2 ε3 A Pinc(128)  Pinc(206) Pinc(464) Pinc(v.s.) Pinc(e.t.) 
1b 0.71 4.51 1.91 -0.0026 -0.0014 -0.0012 0.957 1.522 2.131 2.433 2.445 
2c 1.55 5.92 2.17 -0.00295 -0.0022 
-
0.00075 2.151 2.037 2.419 3.017 3.042 
5a 1.51 5.75 2.00 -0.00305 -0.0018 
-
0.00125 2.093 1.974 2.235 2.939 2.937 
5c 1.11 5.50 2.25 -0.00285 -0.0019 
-
0.00095 1.517 1.881 2.508 2.822 2.840 
11a 1.60 6.12 2.37 -0.00265 -0.0028 0.00015 2.224 2.111 2.650 3.017 3.093 
11b 1.07 5.40 2.14 -0.00305 -0.0016 
-
0.00145 1.461 1.845 2.386 2.861 2.850 
11c 1.63 6.16 2.15 -0.00325 -0.002 
-
0.00125 2.269 2.126 2.402 3.174 3.166 
11d 0.99 5.26 2.20 -0.00275 -0.0019 
-
0.00085 1.348 1.793 2.459 2.744 2.770 
13a 1.02 4.70 2.07 -0.0018 -0.0027 0.0009 1.390 1.590 2.313 2.317 2.450 
13b 0.99 4.20 2.00 -0.00095 -0.0034 0.00245 1.348 1.411 2.232 1.932 2.157 
13c 0.80 7.07 1.97 -0.00785 0.0035 
-
0.01135 1.082 2.470 2.202 4.656 4.003 
13d 1.57 6.79 2.32 -0.00435 -0.001 
-
0.00335 2.181 2.363 2.593 3.647 3.504 
14a 1.57 8.06 2.54 -0.00435 -0.0013 
-
0.00305 2.181 2.853 2.843 3.765 3.635 
14a1 1.60 7.81 2.63 -0.0035 -0.0023 -0.0012 2.224 2.755 2.945 3.488 3.473 
14b 1.73 8.20 2.68 -0.0039 -0.0021 -0.0018 2.416 2.908 2.995 3.725 3.668 
14b1 1.60 6.29 2.57 -0.0003 -0.0053 0.005 2.224 2.175 2.868 2.166 2.529 
14c 1.57 8.30 2.60 -0.0047 -0.001 -0.0037 2.181 2.947 2.904 3.924 3.751 
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14f 0.61 5.81 1.99 -0.0033 -0.0007 -0.0026 0.819 1.996 2.219 2.706 2.632 
14g 1.75 7.81 2.39 -0.0038 -0.0018 -0.002 2.445 2.755 2.667 3.528 3.466 
15a* 1.32 7.45 2.18 -0.00465 -0.0003 
-
0.00435 1.818 2.616 2.432 3.609 3.409 
15b 1.43 6.92 2.15 -0.0033 -0.0017 -0.0016 1.977 2.413 2.404 3.096 3.070 
15e 1.46 7.00 2.38 -0.00275 -0.0026 
-
0.00015 2.020 2.443 2.662 3.017 3.076 
16a 1.67 7.31 2.50 -0.00255 -0.0031 0.00055 2.327 2.562 2.794 3.056 3.153 
16b 1.66 7.42 2.43 -0.00305 -0.0025 
-
0.00055 2.313 2.604 2.712 3.213 3.243 
16c 1.44 7.66 2.54 -0.0038 -0.0017 -0.0021 1.991 2.697 2.844 3.489 3.422 
16e 1.62 8.05 2.49 -0.00435 -0.0013 
-
0.00305 2.254 2.849 2.783 3.765 3.635 
16f 1.65 7.36 2.45 -0.00285 -0.0027 
-
0.00015 2.298 2.581 2.735 3.135 3.190 
16g 1.52 7.89 2.35 -0.00465 -0.0007 
-
0.00395 2.107 2.786 2.627 3.766 3.584 
17d 1.58 7.02 2.71 -0.00155 -0.0042 0.00265 2.195 2.451 3.034 2.706 2.929 
17e 1.39 7.25 2.20 -0.00395 -0.0011 
-
0.00285 1.919 2.539 2.454 3.371 3.266 
17f 1.57 6.12 2.08 -0.00135 -0.0036 0.00225 2.181 2.111 2.323 2.318 2.526 
18b 0.79 6.23 2.08 -0.00355 -0.0008 
-
0.00275 1.068 2.152 2.326 2.940 2.852 
20a 1.55 6.99 2.39 -0.00245 -0.0029 0.00045 2.151 2.439 2.671 2.900 2.995 
20b 1.20 7.64 2.68 -0.00395 -0.0015 
-
0.00245 1.646 2.689 2.996 3.528 3.440 
6a 0.57 3.63 1.69 -0.00185 -0.0008 
-
0.00105 0.765 1.210 1.884 1.624 1.654 
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6b 0.69 3.83 1.68 -0.00205 -0.0007 
-
0.00135 0.929 1.281 1.873 1.739 1.751 
8b 1.50 10.10 2.52 -0.0115 0.0067 -0.0182 2.078 3.670 2.817 6.345 5.177 
11a 1.38 6.74 2.70 -0.0039 -0.0008 -0.0031 1.904 2.344 3.020 3.214 3.099 
11b 1.26 5.94 2.56 -0.0028 -0.0016 -0.0012 1.731 2.044 2.862 2.666 2.674 
11c 1.95 4.12 2.20 0.0019 -0.0064 0.0083 2.744 1.383 2.456 0.908 1.460 
13a 1.26 5.46 2.28 -0.00255 -0.0015 
-
0.00105 1.731 1.867 2.546 2.433 2.454 
14a 1.06 4.10 1.71 -0.00165 -0.0015 
-
0.00015 1.447 1.376 1.906 1.739 1.819 
14b 2.01 5.74 2.42 -0.0009 -0.004 0.0031 2.834 1.970 2.704 2.125 2.384 
15a 1.35 5.63 2.46 -0.0022 -0.0021 -0.0001 1.861 1.929 2.749 2.394 2.469 
15b 1.09 5.19 2.04 -0.00305 -0.0006 
-
0.00245 1.489 1.768 2.277 2.473 2.412 
15c 1.19 5.42 2.32 -0.0025 -0.0015 -0.001 1.631 1.852 2.591 2.395 2.418 
16a 1.10 5.25 2.44 -0.00205 -0.002 -5E-05 1.503 1.790 2.726 2.240 2.320 
16b 1.34 4.65 1.99 -0.00135 -0.0024 0.00105 1.846 1.572 2.220 1.854 2.001 
16c 1.47 6.41 2.61 -0.0032 -0.0015 -0.0017 2.035 2.220 2.918 2.939 2.912 
16d 1.86 7.12 2.91 -0.00295 -0.0024 
-
0.00055 2.609 2.489 3.257 3.095 3.129 
16e 1.52 6.70 2.76 -0.0033 -0.0016 -0.0017 2.107 2.329 3.087 3.057 3.026 
17a 1.76 6.63 2.79 -0.00245 -0.0027 0.00025 2.460 2.303 3.121 2.822 2.908 
17b 2.09 8.68 3.52 -0.0041 -0.0023 -0.0018 2.954 3.097 3.947 3.962 3.896 
18a 1.50 6.55 2.59 -0.0035 -0.0012 -0.0023 2.078 2.272 2.895 3.057 2.992 
18b 0.83 3.47 1.74 -0.00075 -0.0022 0.00145 1.124 1.154 1.940 1.318 1.491 
18c 1.71 6.24 2.52 -0.0025 -0.0023 -0.0002 2.386 2.156 2.817 2.705 2.768 
19a 1.28 4.21 2.12 -0.0002 -0.0036 0.0034 1.760 1.415 2.366 1.434 1.715 
19b 1.60 5.69 2.47 -0.0017 -0.0029 0.0012 2.224 1.951 2.760 2.317 2.467 
19c 0.92 2.46 2.12 0.00275 -0.0061 0.00885 1.249 0.807 2.366 0.156 0.729 
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19d 0.98 4.46 1.81 -0.00235 -0.0009 
-
0.00145 1.334 1.504 2.018 2.047 2.050 
22a 1.16 4.45 1.86 -0.00175 -0.0017 -5E-05 1.589 1.501 2.074 1.893 1.977 
22b 1.43 4.07 2.17 0.00065 -0.0046 0.00525 1.977 1.365 2.423 1.169 1.554 
22c 1.08 4.50 2.28 -0.0009 -0.0029 0.002 1.475 1.519 2.546 1.701 1.903 
23a 1.49 5.84 2.50 -0.0022 -0.0023 1E-04 2.064 2.007 2.794 2.472 2.557 
23b 1.35 6.01 2.62 -0.0026 -0.002 -0.0006 1.861 2.070 2.929 2.666 2.707 
23c 1.82 6.95 2.80 -0.003 -0.0022 -0.0008 2.549 2.424 3.132 3.056 3.077 
26a 1.20 5.49 2.31 -0.00265 -0.0013 
-
0.00135 1.646 1.878 2.580 2.433 2.437 
27a 1.47 4.90 2.10 -0.0013 -0.0027 0.0014 2.035 1.663 2.344 1.931 2.097 
27b 0.89 3.09 1.31 -0.00095 -0.0015 0.00055 1.207 1.023 1.458 1.204 1.326 
28a 1.57 6.62 2.69 -0.0032 -0.0017 -0.0015 2.181 2.299 3.008 3.018 2.999 
28b 1.02 4.43 1.91 -0.0019 -0.0014 -0.0005 1.390 1.493 2.131 1.893 1.952 
28c 1.55 5.93 2.59 -0.002 -0.0027 0.0007 2.151 2.040 2.895 2.472 2.591 
31a 1.22 4.90 2.09 -0.00195 -0.0018 
-
0.00015 1.674 1.663 2.333 2.085 2.162 
31b 0.63 -0.46 1.29 0.00615 -0.0081 0.01425 0.847 -0.145 1.436 -1.606 -0.793 
31c 1.32 4.58 1.69 -0.0021 -0.0013 -0.0008 1.818 1.547 1.884 2.008 2.049 
31d 1.56 4.83 2.31 -0.00035 -0.004 0.00365 2.166 1.637 2.580 1.702 1.996 
32a 1.56 6.36 2.79 -0.00235 -0.0026 0.00025 2.166 2.201 3.121 2.705 2.794 
32b 1.36 4.66 3.07 0.00165 -0.0066 0.00825 1.875 1.576 3.437 1.174 1.723 
32c 0.79 3.88 1.59 -0.00215 -0.0006 
-
0.00155 1.068 1.298 1.772 1.778 1.778 
32d 0.92 3.37 1.80 -0.0001 -0.0029 0.0028 1.249 1.120 2.007 1.091 1.339 
34a 0.97 3.38 1.55 -0.0007 -0.0021 0.0014 1.320 1.123 1.727 1.242 1.412 
34b 0.98 2.95 1.92 0.0013 -0.0045 0.0058 1.334 0.974 2.142 0.639 1.052 
35a 0.72 2.26 1.21 0.0002 -0.0023 0.0025 0.971 0.739 1.347 0.636 0.865 
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37a 0.92 3.76 1.59 -0.00155 -0.0013 
-
0.00025 1.249 1.256 1.772 1.586 1.661 
37b 1.39 5.58 2.71 -0.0013 -0.0034 0.0021 1.919 1.911 3.031 2.202 2.403 
37c 1.71 5.96 2.40 -0.0022 -0.0024 0.0002 2.386 2.052 2.681 2.511 2.600 
38a 1.97 5.86 2.47 -0.00115 -0.0038 0.00265 2.774 2.014 2.760 2.241 2.473 
39a 1.42 5.39 2.36 -0.00175 -0.0025 0.00075 1.962 1.841 2.636 2.201 2.327 
39b 0.96 4.66 2.00 -0.0023 -0.0011 -0.0012 1.306 1.576 2.232 2.085 2.102 
39c 1.01 5.32 2.15 -0.0032 -0.0004 -0.0028 1.376 1.815 2.400 2.512 2.431 
39d 1.35 5.49 2.41 -0.002 -0.0022 0.0002 1.861 1.878 2.693 2.278 2.372 
39e 1.67 6.33 2.40 -0.0031 -0.0015 -0.0016 2.327 2.190 2.681 2.861 2.841 
 
The ω128, ω206, and ω464 correspond to each respective Raman mode of an elastically isolated quartz inclusion. Pinc128, Pinc206, and 
Pinc464 are the remnant pressures (!"#$%&') calculated from each respective Raman band shift using the equations of Schmidt & Ziemann 
(2000) and Thomas & Spear (2018). Calculated strains are ε1 and ε3 axes of quartz were calculated using stRAinMAN (Angel et al., 
2019). ‘-‘ indicates that the Raman band position could not be fit.  
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Table S2. Raman spectroscopy data for synthetic quartz reference material. 
 
The ω128, ω206, and ω464 correspond to each respective Raman mode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Standards dω (cm-1) dω206 (cm-1) dω464 (cm-1) 
Quartz_1 128.10 205.90 464.70 
Quartz_2 128.00 206.91 464.51 
Quartz_3 127.96 206.62 464.48 
Quartz_4 127.98 207.01 464.86 
Quartz_5 127.99 206.71 464.86 
Quartz_6 128.04 206.92 464.88 
Quartz_7 128.02 206.95 464.84 
Quartz_8 128.03 206.80 464.84 
Quartz_9 128.08 206.91 464.81 
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Table S3. Compiled pressure and temperature constraints from previous studies for both mafic 
eclogite and quartzofeldspathic gneiss bulk rock compositions. 
Bulk Rock Composition: Mafic Eclogites 
 
Bulk Rock Composition: Quartzofeldspathic 
Gneiss 
 
Pressure 
(kbar) 
Temperature 
(°C) Notes 
Pressure 
(kbar) 
Temperature 
(°C) Notes 
18-26  612-740* 
Garnet-omphacite-
phengite 
thermobarometry, 
Monteleone et al., 
2007, sample 
89321a, southern 
Fergusson Island 
>14  677-810* 
Jadeite in 
omphacite 
thermobarometry, 
Monteleone et al., 
2007, sample 
03118b, southern 
Goodenough 
Island 
  612-740 
Zr-in-rutile 
thermometry, 
Monteleone et al., 
2007, sample 
89321a, southern 
Fergusson Island 
 677-817 
Zr-in-rutile 
thermometry, 
Monteleone et al., 
2007, sample 
03118b, southern 
Goodenough 
Island 
  650-680 
Ti-in-zircon 
thermometry, 
Monteleone et al., 
2007, sample 
89321a, southern 
Fergusson Island 
10* 601-775** 
Ti-in-quartz 
thermobarometry, 
**Calculated here 
using data from 
Korchinski et al., 
2012, core zone, 
samples from 
Goodenough, 
Fergusson, and 
Normanby Islands 
18-27  600-760 
Garnet-omphacite-
phengite 
thermobarometry, 
Baldwin et al., 
2008, sample 
89321c, southern 
Fergusson Island 
10* 447-601** 
Ti-in-quartz 
thermobarometry, 
**Calculated here 
using data from 
Korchinski et al., 
2012, carapace 
zone, samples 
from 
Goodenough, 
Fergusson, and 
Normanby Islands 
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28* 695-743 
Zr-in-rutile 
thermometry, 
Baldwin et al., 
2008, sample 
89321c, southern 
Fergusson Island 
 700-800 
Lattice preferred 
orientiations of 
quartz, Little et 
al., 2013, core 
zone, samples 
from 
Goodenough, 
Fergusson, and 
Normanby Island 
  650-675 
Ti-in-zircon 
thermometry, 
Baldwin et al., 
2008, sample 
89321c, southern 
Fergusson Island 
 450-650 
Lattice preferred 
orientations of 
quartz, Little et 
al., 2013, carapace 
zone, samples 
from 
Goodenough, 
Fergusson, and 
Normanby Island 
21-33 
kbar 680-770 
Ti-in-coesite 
thermobarometry, 
Osborne and 
Thomas 2017, 
sample 89321c, 
southern 
Fergusson Island 
14.4  
Garnet-
aluminosilicate-
plagioclase-quartz 
barometry, 
Korchinski et al., 
2014, Core zone 
sample 08-038a, 
Mailolo Dome 
27.8-
34.2  555-725 
Garnet-
clinopyroxene 
thermobarometry, 
DesOrmeau et al., 
2017, sample 
PNG08010F, 
Tumagabuna 
Island  
12.1-13.2   
Garnet-
aluminosilicate-
plagioclase-quartz 
barometry, 
Korchinski et al., 
2014, Carapace 
zone sample 10-
070a, Mailolo 
Dome 
27-28  580-590 
Garnet and 
phengite isopleths, 
DesOrmeau et al., 
2017, sample 
PNG08010F, 
Tumagabuna 
Island  
14.4* 707 
Garnet-biotite 
thermometry, 
Korchinski et al., 
2014, Core zone 
sample 08-038a, 
Mailolo Dome 
28* 689-746 
Zr-in-rutile 
thermometry, 
DesOrmeau et al., 
2017, sample 
14.4* 590-705 
Zr-in-rutile 
thermometry, 
Korchinski et al., 
2014, Core zone 
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PNG08010F, 
Tumagabuna 
Island  
sample 08-038a, 
Mailolo Dome 
   
12.1-
13.2* 611-686 
Zr-in-rutile 
thermometry, 
Korchinski et al., 
2014, Carapace 
zone sample 10-
070a, Mailolo 
Dome 
   
 531-732 
Ti-in-zircon 
thermometry, 
Zirakparvar et al., 
2014, sample 03-
118m, southern 
Goodenough 
Island 
   
16* 825-865 
Zr-in-rutile 
thermometry, 
DesOrmeau et al., 
2018, sample 10-
035a, northern 
Goodenough 
Island 
   
  
680-780 
Ti-in-zircon 
thermometry, 
DesOrmeau et al., 
2018, sample 10-
035a,b, northern 
Goodenough 
Island 
 
* indicates assumed pressure or temperature constraint. 
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Table S4. Major element oxide compositions from wavelength dispersive spectroscopy spot 
analyses in the EPMA mapped 03115 garnets. 
Transect 
1 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Alm Pyr Grs Sps 
Spot 1 37.08 0.06 21.58 28.09 4.35 2.99 6.12 61.51 11.67 17.17 9.65 
Spot 2 37.35 0.01 21.61 28.23 4.21 3.08 6.17 61.52 11.96 17.23 9.29 
Spot 3 37.35 0.11 21.47 28.31 4.06 3.05 6.21 61.79 11.87 17.37 8.98 
Spot 4 37.23 0.06 21.56 28.68 3.69 2.97 6.22 62.78 11.59 17.44 8.18 
Spot 5 37.31 0.04 21.68 29.26 3.17 2.9 6.2 64.19 11.34 17.43 7.04 
Spot 6 37.33 0.15 21.44 29.8 1.86 2.71 7.02 65.48 10.62 19.76 4.14 
Spot 7 37.23 N.D. 21.62 31.02 1.06 2.48 7.14 67.93 9.68 20.03 2.35 
Spot 8 37.17 0.06 21.69 31.12 0.8 2.37 7.16 68.66 9.32 20.24 1.79 
Spot 9 37.27 0.06 21.62 31.42 0.68 2.3 7.17 69.22 9.03 20.24 1.52 
Spot 10 37.16 N.D. 21.53 31.42 0.63 2.23 7.19 69.44 8.79 20.36 1.41 
Spot 11 37.15 0.16 21.54 31.68 0.58 2.2 7.16 69.84 8.65 20.22 1.29 
Spot 12 37.25 0.12 21.46 31.63 0.51 2.05 7.29 70.07 8.10 20.69 1.14 
Spot 13 37.02 0.13 21.66 31.73 0.52 1.97 7.25 70.42 7.79 20.61 1.17 
Spot 14 37.02 0.04 21.66 31.99 0.52 1.68 7.44 71.02 6.65 21.16 1.17 
Spot 15 37.1 0.06 21.53 32.86 0.59 1.47 6.99 72.97 5.82 19.89 1.33 
Spot 16 37.15 N.D. 21.56 33.46 0.92 1.28 6.73 73.87 5.04 19.04 2.06 
Spot 17 37.19 0.07 21.29 32.98 1.12 1.25 6.76 73.28 4.95 19.24 2.52 
Spot 18 37.13 0.27 21.1 32.74 1.13 1.27 6.71 73.17 5.06 19.21 2.56 
Spot 19 37.13 0.21 21.43 32.78 1.15 1.28 6.61 73.34 5.11 18.95 2.61 
Spot 20 37.18 0.13 21.34 32.87 1.18 1.33 6.5 73.43 5.30 18.60 2.67 
Spot 21 37.08 N.D. 21.39 32.92 1.19 1.33 6.51 73.42 5.29 18.60 2.69 
Spot 22 37 0.03 21.33 33.13 1.11 1.3 6.5 73.79 5.16 18.55 2.50 
Spot 23 37.2 0.13 21.33 33.43 1.04 1.26 6.48 74.24 4.99 18.44 2.34 
Spot 24 37.06 0.14 21.38 33.24 1.01 1.26 6.51 74.11 5.01 18.60 2.28 
Spot 25 36.89 0.29 21.33 33.37 0.91 1.22 6.57 74.35 4.85 18.75 2.05 
Spot 26 37.33 0.12 21.57 33.44 0.82 1.26 6.66 74.23 4.99 18.94 1.84 
Spot 27 36.94 0.08 21.46 33.26 0.74 1.28 6.76 73.99 5.08 19.27 1.67 
Spot 28 37.31 0 21.58 32.99 0.65 1.3 6.78 73.88 5.19 19.45 1.47 
Spot 29 37.16 0.08 21.67 33.13 0.59 1.28 6.93 73.81 5.08 19.78 1.33 
Spot 30 37.3 0.06 21.52 33.27 0.56 1.32 7.02 73.63 5.21 19.90 1.26 
Spot 31 37.26 0.17 21.68 33.01 0.56 1.38 6.89 73.58 5.48 19.68 1.26 
Spot 32 37.03 0.02 21.55 33.13 0.48 1.36 7.02 73.57 5.38 19.97 1.08 
Spot 33 37.18 0.13 21.77 33.3 0.49 1.4 7 73.57 5.51 19.81 1.10 
Spot 34 37.36 0.09 21.46 32.61 0.43 1.4 7.18 72.89 5.58 20.56 0.97 
Spot 35 37.1 N.D. 21.61 32.8 0.46 1.49 7.16 72.74 5.89 20.34 1.03 
Spot 36 37.41 0.09 21.67 32.47 0.44 1.51 7.3 72.22 5.99 20.80 0.99 
Spot 37 37.42 N.D. 21.7 32.2 0.42 1.64 7.35 71.61 6.50 20.94 0.95 
Spot 38 37.3 0.14 21.69 31.93 0.47 1.89 7.31 70.73 7.46 20.75 1.05 
Spot 39 37.73 0.19 21.95 31.21 0.72 2.2 7.26 69.11 8.68 20.60 1.61 
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Transect 
2 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Alm Pyr Grs Sps 
Spot 1 37.47 0.12 21.65 28.61 3.99 2.74 6.2 63.88 10.42 20.16 5.54 
Spot 2 37.56 N.D. 21.69 28.71 3.51 2.93 6.35 62.91 10.74 17.47 8.89 
Spot 3 37.3 N.D. 21.85 28.95 2.53 2.73 7.19 62.93 11.45 17.83 7.79 
Spot 4 37.65 0.01 21.58 30.73 1.06 2.45 7.32 63.50 10.67 20.20 5.62 
Spot 5 37.66 0.01 21.7 31.43 0.74 2.26 7.18 67.47 9.59 20.59 2.36 
Spot 6 37.47 0.08 21.52 30.97 1.31 2.26 7.09 69.22 8.87 20.26 1.65 
Spot 7 37.31 N.D. 21.51 31.96 0.55 1.96 7.29 68.20 8.87 20.00 2.92 
Spot 8 37.21 N.D. 21.48 32.79 0.54 1.67 6.85 70.47 7.70 20.59 1.23 
Spot 9 36.99 0.11 21.56 32.93 0.6 1.44 6.91 72.72 6.60 19.46 1.21 
Spot 10 37.18 N.D. 21.29 33.34 0.66 1.35 6.84 73.25 5.71 19.69 1.35 
Spot 11 36.92 0.06 21.12 33.31 0.72 1.29 6.76 73.80 5.33 19.40 1.48 
Spot 12 36.96 N.D. 21.09 33.43 0.77 1.26 6.74 74.02 5.11 19.25 1.62 
Spot 13 37.12 N.D. 21.2 33.42 0.78 1.26 6.65 74.14 4.98 19.15 1.73 
Spot 14 36.96 N.D. 21.15 33.27 0.81 1.26 6.66 74.31 4.99 18.94 1.76 
Spot 15 37.03 N.D. 21.36 33.52 0.88 1.23 6.62 74.15 5.01 19.02 1.83 
Spot 16 37.01 N.D. 21.16 33.4 0.91 1.24 6.62 74.35 4.86 18.81 1.98 
Spot 17 37.07 0.05 21.35 33.48 0.95 1.26 6.61 74.20 4.91 18.84 2.05 
Spot 18 36.97 0.06 21.12 33.63 0.97 1.24 6.58 74.14 4.97 18.75 2.13 
Spot 19 36.98 0.17 21.22 33.47 1 1.28 6.51 74.32 4.88 18.63 2.17 
Spot 20 36.74 0.04 21.12 33.31 1.03 1.22 6.52 74.20 5.06 18.49 2.25 
Spot 21 36.71 0.19 21.26 33.23 1.03 1.22 6.5 74.22 4.85 18.61 2.32 
Spot 22 37 0.1 21.2 33.15 1 1.23 6.61 74.21 4.86 18.60 2.33 
Spot 23 36.97 0.21 21.15 33.24 1.02 1.24 6.51 73.96 4.89 18.89 2.26 
Spot 24 36.81 0.22 21.14 33.51 0.94 1.29 6.53 74.16 4.93 18.61 2.30 
Spot 25 36.86 0.06 21.35 33.19 0.8 1.26 6.83 74.26 5.10 18.54 2.11 
Spot 26 37 0.14 21.1 33.36 0.76 1.29 6.78 73.76 4.99 19.45 1.80 
Spot 27 36.82 0.07 21.19 33.07 0.66 1.32 6.79 73.94 5.10 19.25 1.71 
Spot 28 36.91 0.09 21.28 33.23 0.63 1.36 6.68 73.83 5.25 19.42 1.49 
Spot 29 36.98 0.17 21.42 33.15 0.58 1.37 6.88 74.09 5.41 19.08 1.42 
Spot 30 37.01 0.05 21.19 33.04 0.5 1.41 6.93 73.68 5.43 19.59 1.31 
Spot 31 36.82 0.02 21.4 32.88 0.45 1.42 7.1 73.52 5.59 19.76 1.13 
Spot 32 36.89 0.04 21.08 32.91 0.42 1.5 7.24 73.13 5.63 20.23 1.01 
Spot 33 36.91 0 21.28 32.41 0.42 1.54 7.5 72.67 5.90 20.48 0.94 
Spot 34 37.03 N.D. 21.26 32.07 0.45 1.65 7.51 71.72 6.07 21.26 0.94 
Spot 35 37.25 N.D. 21.37 32.15 0.42 1.73 7.46 71.13 6.52 21.34 1.01 
Spot 36 37.04 0.1 21.41 31.85 0.43 1.85 7.4 71.10 6.82 21.14 0.94 
Spot 37 37.01 0.03 21.56 31.63 0.5 1.94 7.47 70.68 7.32 21.04 0.97 
Spot 38 37.36 0.08 21.5 30.95 0.66 2.13 7.47 70.03 7.66 21.19 1.12 
Spot 39 37.25 N.D. 21.41 30.09 1.55 2.31 7.32 68.80 8.44 21.27 1.49 
 
“N.D.” indicates that the concentration is beneath detection limit. 
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Table S5. Measured Ti concentrations in quartz inclusions and respective garnet hosts. 
 
Host 
Ti 
(ppm) 
Garnet 
Host 
Ti (ppm) 
inclusion 
Ti (ppm) average 
per garnet 
Garnet 1 0 18.8 18.83 
  11.03  
  23.2  
  22.28  
Garnet 2 377 21.04 19.19 
  17.33  
Garnet 3 761 13.92 13.92 
Garnet 6 1173 19.05 16.78 
  14.51  
Garnet 11 905 21.88 21.88 
Garnet 35 409 16.56 16.56 
Garnet 24 331 20.53 18.74 
  16.95  
Garnet 17 850 18.56 22.05 
  22.9  
  23.06  
  23.1  
  20.18  
  24.49  
Garnet 15 729 22.21 19.56 
  21.23  
  18.34  
  18.11  
  17.9  
Garnet 14 351 19.46 19.46 
Garnet 38 154 14.67 15.66 
  16.65  
Garnet 39 351 19.42 19.42 
Garnet 48 383 19.35 19.35 
Garnet 52 920 18.54 17.47 
  16.26  
  22.78  
  16.68  
  14.19  
  18.94  
  14.93  
Garnet 56 22 24.56 24.56 
Garnet 87 0 20.78 18.826 
  18.47  
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  18.81  
  15.88  
  20.19  
Garnet 113 1055 19.34 19.34 
Garnet 110 418 15.78 15.984 
  14.03  
  17.36  
  14.8  
  17.95  
Garnet* 459 18 21.44 
  19  
  22  
  23  
  26  
  20  
  19  
  24  
  22  
 
“N.D.” indicates that the concentration is beneath detection limit and is most likely negligible.   
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Table S6. Major element oxide composition of sample 03115 garnets with quartz inclusions 
measured for Ti-in-quartz trace element thermobarometry. 
 SiO2 TiO2 Al2O3 FeO MnO MgO CaO Alm Pyr Grs Sps 
gt2_host 37.93 0.06 22.41 27.58 0.75 4.53 8.06 57.80 17.78 21.78 1.67 
gt3_host 37.61 0.13 21.92 28.15 0.71 4.58 7.81 58.11 18.11 20.80 1.59 
gt6_host 37.66 0.20 22.50 27.17 0.70 4.67 8.30 56.50 18.41 22.25 1.57 
gt11_host 37.73 0.15 22.05 27.78 0.73 4.79 7.74 57.58 18.87 20.68 1.63 
gt35_host 37.58 0.07 22.45 27.36 0.69 4.72 8.14 56.57 18.70 21.82 1.55 
gt24_host 37.44 0.06 22.45 27.65 0.70 4.93 7.80 56.52 19.61 20.74 1.58 
gt17_host 37.88 0.14 21.97 27.59 0.68 4.78 8.22 56.54 18.76 21.76 1.52 
gt15_host 37.78 0.12 22.12 27.34 0.74 4.58 8.43 56.47 18.03 22.49 1.66 
gt14_host 37.76 0.10 22.11 27.00 0.71 4.58 8.73 55.64 18.05 23.29 1.59 
gt38_host 37.70 0.03 22.33 27.88 0.69 4.94 7.45 57.77 19.52 19.99 1.55 
gt39_host 37.70 0.06 22.18 27.94 0.75 4.81 7.75 57.32 19.00 20.60 1.68 
gt48_host 37.53 0.06 22.04 27.79 0.75 4.59 8.18 56.77 18.21 21.69 1.69 
gt52_host 37.88 0.15 22.23 27.34 0.62 4.55 8.60 56.51 17.85 22.93 1.38 
gt56_host 37.90 0.00 21.98 27.99 0.80 4.72 7.87 57.40 18.57 20.91 1.79 
gt87_host 37.95 N.D. 22.47 27.05 0.78 4.43 8.80 56.00 17.41 23.64 1.74 
gt113_host 37.68 0.18 22.40 27.84 0.70 4.68 7.90 57.60 18.45 21.08 1.57 
gt110_host 37.71 0.07 22.41 28.41 1.00 4.74 7.04 59.07 18.71 18.90 2.24 
 
“N.D.” indicates that the concentration is beneath detection limit. 
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Figures 
 
Figure 1. (a) Geologic map of Goodenough Island superimposed on topography modified from 
Miller et al. (2012). Geologic units from Davies & Warren (1988, 1992), and Little et al., (2011). 
Red star highlights the location of the quartzofeldspathic gneiss in this study. Open star indicates 
quartzofeldspathic gneiss samples from Monteleone et al., (2007) and Zirakparvar et al., (2014). 
Carapace and core zones are distinguished with proposed differential Ti concentrations from 
Korchinski et al., (2012). (b) Inset showing the location of Goodenough Island. DI: 
D’Entrecasteaux Islands, Wdlk: Woodlark microplate, Aus: Australian Plate.  
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Figure 2. Schematic of elastic thermobarometry method to solve for Ptrap. (a) Raman spectra of 
quartz entrapped in garnet (red) compared to that of a free quartz crystal (blue). Strains 
determined from the 128, 206, and 464 cm-1 bands of the quartz Raman spectrum were used to 
calculate Pinc. Raman spectra of rutile (brown) is plotted, showing the characteristic peak at 611 
cm-1 (Mazza, Barborini, Piseri, & Milani, 2007). (b) Schematic isomeke showing progression 
from (Pinc, Tend) to determined Ptrap at externally determined Ttrap. Pfoot denotes the pressure of 
relative volume (V/Vo) equivalence at room temperature (Tend). Schematic Ti-in-quartz isopleth is 
plotted and provides an additional constraint on the isomeke at the pressure and temperature of 
entrapment. 
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Figure 3. Photomicrographs of representative samples, all in transmitted plane polarized light. (a) 
Quartzofeldspathic gneiss 03115 in thin section showing textural relationships between garnet, 
amphibole, quartz, plagioclase, and matrix ilmenite/titanite. (b) Garnet containing quartz and 
rutile inclusions. (c) Garnet containing quartz and apatite inclusions.  
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Figure 4. Histograms of measured Raman shifts of the (a) 128 cm-1 Raman mode, (b) 206 cm-1 
Raman mode, and (c) 464 cm-1 Raman mode. 
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Figure 5. (a) Inclusion pressures (!"#$
%&') calculated from the 128 and 206 cm-1 Raman modes of 
quartz inclusions plotted against !"#$
%&' calculated from the 464 cm-1 Raman mode. (b) Calculated 
!"#$(.*. plotted against !"#$+.,..	 
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Figure 6. Anisotropy data and comparison of !"#$
%&'	vs. !"#$(.*. and !"#$+.,.. (a) Elastic anisotropy data 
sorted from positive to negative anisotropy (denoted as inclusion rank). The calculated 
anisotropy varies by ~230%. (b) Comparison of !"#$
%&'from the calibration of the 128, 206, and 
464 cm-1 Raman modes with the !"#$(.*. and !"#$+.,. calculations. 
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Figure 7. (a) Ti concentration of the garnet host versus Ti concentration of corresponding quartz 
inclusions in 03115. Histogram of all Ti concentrations measured in quartz inclusions in garnet 
(± 2σ). (b) Ti concentration of the quartz inclusions versus the maximum inclusion diameter in 
03115. (c) Transect of spot analyses from a quartz inclusion into the host garnet. 
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Figure 8. Isomekes from elastic modelling of nearly isotropic quartz inclusions in garnet. The 
shaded gray area indicates the range of possible entrapment conditions inferred using previous 
temperature estimates for the quartzofeldspathic gneiss.  
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Figure 9. 03115 P–T data derived using QuiG-TiQ. The average !"#$(.*. isomeke and Ti 
concentration isopleth was used to calculate the intersection point. The dashed lines indicate the 
range of the determined isopleths and isomekes. The red circle is the average intersection and is 
interpreted as the P–T condition of garnet growth and quartz inclusion entrapment. The ± 1 ppm 
2σ error on the Ti concentration data was not plotted for clarity.  
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Figure 10. Conceptual model of garnet growth in quartzofeldspathic gneiss inferred from this 
study. (a) Quartz and rutile crystals are entrapped in the co-crystallizing garnet host. (b) Garnet 
growth and inclusion entrapment is inferred to have occurred in the upper amphibolite facies. 
The timing of peak metamorphism is constrained by U-Pb dating of zircon inclusions in similar 
composition garnets (Monteleone et al., 2007). 
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Figure S1. X-ray maps of quartzofeldspathic gneiss garnet showing subtle chemical zoning. The 
garnet cores have the highest grossular component. The garnet rims have slightly higher amounts 
of almandine and pyrope components. Spessartine is homogeneous from core to rim.    
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Figure S2. Contour plot of garnet pixels on composition ternary diagram. Standardized and 
quantitative WDS X-ray map pixels processed using XMapTools (Lanari et al., 2014) which plot 
as a single population indicating a relatively homogeneous composition from core to rim. Red 
indicates the highest density of pixels, blue indicates the lowest density of pixels. 
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Abstract 
The Appalachian orogen is among the few accretionary orogens where evidence of ultrahigh-
pressure (UHP) metamorphism has not been previously documented. Blueschist and eclogite 
facies metamorphic rocks formed during the late Cambrian – early Ordovician subduction of the 
Iapetus Ocean, but peak mineral assemblages may have been obscured by overprinting during 
subsequent accretion of terranes during the Paleozoic. Here we report the first discovery of relict 
coesite in the Appalachian orogen, identified in a bi-mineralic SiO2 inclusion in garnet from a 
mid-Ordovician metapelite in the Tillotson Peak Complex (Vermont, USA). In-situ elastic 
barometry and trace element thermometry were applied to reconstruct the garnet growth history 
during prograde metamorphism. Thermobarometric results suggest that garnet nucleated and 
crystallized continuously during blueschist-eclogite facies subduction zone metamorphism. 
Garnet rims subsequently grew at UHP metamorphic conditions of >28 kbar and >565°C. 
Results provide the first direct evidence that rocks of the Appalachian orogen underwent UHP 
metamorphism to depths of >75 km and warrant the search for additional evidence of UHP 
metamorphism in other Appalachian high-pressure terranes.   
1 Introduction 
Initial discoveries of metamorphic coesite in crustal rocks brought about a geologic paradigm 
shift, as the preservation of metamorphic coesite indicates that lithosphere can be subducted to 
>75 km depths, and be subsequently exhumed (Chopin, 1984; Smith, 1984). Since then mineral 
indicators of UHP metamorphism (i.e. coesite and microdiamond) have been discovered in 
numerous Phanerozoic orogens (Gilotti, 2013) (Fig. 1a), suggesting that metamorphism at UHP 
conditions and rapid exhumation is a process inherent to subduction and collisional orogenesis 
(Chopin, 2003). In addition, UHP rocks preserve a mineral assemblage that can be used to 
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understand macro-to-microscopic scale Earth processes such as subduction (Chopin, 1984; 
Smith, 1984; Sobolev and Shatsky, 1990), exhumation (Rubatto and Hermann, 2001), crust-
mantle mixing (Zhao et al., 2013), atmospheric recycling and mantle volatile sequestration 
(Baldwin and Das, 2015).   
 The Appalachian Mountains of eastern North America were primarily formed by the 
accretion of multiple terranes throughout the Paleozoic (van Staal et al., 2009; Fig. 1b). 
Compared to other Paleozoic orogens, eclogites occurrences are rare and have be found in 
Newfoundland (de Wit and Strong, 1975; Castonguay et al., 2014), north-central Vermont (Laird 
et al., 1993), northwest Connecticut (Chu et al., 2016), and North Carolina (Page et al., 2003). At 
present, the only proposed evidence for UHP metamorphism in the Appalachian region are 
oriented acicular inclusions of rutile and pyroxene in garnet from metapelites interpreted as 
precipitates that formed during exhumation from UHP/ultrahigh-temperature conditions in the 
Acadian (Ague and Eckert Jr, 2012). The quartz-coesite (SiO2) phase transition defines the 
minimum pressure-temperature (P–T) conditions of ultrahigh-pressure metamorphism. UHP 
indicator minerals (coesite or microdiamond) have not been previously found in the Appalachian 
orogen. Our objective was to investigate whether high-pressure rocks of north-central Vermont 
reached sufficient depths for coesite/microdiamond crystallization or if the peak high-pressure 
mineral assemblages were overprinted during subsequent orogenic events. 
 We present Raman spectra of a SiO2 inclusion in a garnet from the Tillotson Peak 
Complex (Figure 1; N44°49.953’, W072°31.104’) that documents the presence of relict coesite 
in the rim of a garnet porphyroblast. Petrologic observations, quartz-in-garnet (QuiG) elastic 
barometry (Murri et al., 2018; Thomas and Spear, 2018), and Zr-in-rutile thermometry (Tomkins 
et al., 2007) were used to constrain the prograde garnet growth history. Results confirm that 
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rocks of the Appalachian Mountains preserve a previously undocumented UHP metamorphic 
history, warranting further study and comparisons with other Paleozoic UHP terranes.  
2 Geologic Background 
The Paleozoic history of the northern Appalachians in eastern North America involves the 
accretion of multiple terranes onto the eastern margin of Laurentia (Figure 1b; van Staal et al., 
2009). In the late Cambrian – early Ordovician, eastward subduction of the Iapetus ocean basin 
produced an island arc, which was later accreted to the eastern margin of Laurentia during the 
Taconic orogeny (471-460 Ma; Laird et al., 1984; van Staal et al., 2009; Castonguay et al., 
2012). In the Silurian, the Ganderia terrane was accreted during the Salinic orogeny (445-415 
Ma; van Staal et al., 2009). Subsequently, the Avalonian terrane was accreted during the 
Devonian Acadian orogeny (386-355 Ma; Laird et al., 1984; van Staal et al., 2009; Castonguay 
et al., 2012).  
 Mafic blueschist and eclogite facies rocks in the north-central Appalachian orogen have 
only been recognized in the Tillotson Peak Complex of northern Vermont (Laird and Albee, 
1981a, 1981b; Fig. 1c-d). The Tillotson Peak Complex is a ~36 km2 area of retrogressed 
blueschist, eclogite, and metapelitic rocks (Laird and Albee, 1981a, 1981b; Laird et al., 1993), 
interpreted to represent exhumed remnants of Iapetan oceanic crust and overlying sediments 
(Honsberger et al., 2019). Previous estimates of peak metamorphism in the Tillotson Peak 
Complex, based on garnet-omphacite thermobarometry of eclogite are 12–14 kbar at 520–620°C 
(Laird et al., 1993). A single grain 40Ar/39Ar total fusion analysis age for sodic-amphiboles from 
blueschists are 468±6.4 Ma (Laird et al., 1984) and laser step-heat white mica 40Ar/39Ar ages 
from metapelites (Castonguay et al., 2012) both suggest the highest-grade metamorphic rocks in 
the Tillotson Peak Complex were metamorphosed during the Taconic orogeny.  
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3 Petrographic and Raman Spectroscopic Results 
The metapelite contains a primary mineral assemblage consisting of phengite (3.4–3.5 Si p.f.u.), 
paragonite, garnet, quartz, and epidote. Secondary minerals include chlorite, rutile with ilmenite 
rims, minor albite, and apatite (Figure S1). The primary foliation is defined by the preferred 
orientation of white mica, which anastomoses around fractured 1–2.5 mm diameter garnet 
porphyroblasts.  
 Quantitative electron microprobe (EPMA) wavelength dispersive spectroscopy (WDS) 
X-ray maps were obtained using the approach of Lanari et al., (2014) (Figure 2a, Table S1; see 
Supplementary Materials for details). These maps were used to identify garnet compositional 
domains that include: core-mantle, and rim. Garnet core zoning patterns (almandine (Xalm = 
0.56), grossular (Xgrs = 0.31), spessartine (Xsps = 0.11), pyrope (Xprp = 0.02)) indicate a decrease 
in spessartine and slightly increasing almandine, grossular, and pyrope components from the 
garnet core to the garnet rim. Garnet rims are distinguished by a sharp change in zoning patterns 
characterized by an increase in almandine (Xalm = 0.78) and pyrope (Xprp = 0.07) and decrease in 
grossular (Xgrs = 0.14) and spessartine (Xsps = 0.01).  
 Garnet contains an inclusion assemblage of rutile, apatite, zircon, quartz, epidote, and 
chloritoid (Figure S1). Elongate 25–75 µm rutile, 5–20 µm zircon, and <10 µm apatite inclusions 
are present in equal abundance within the core and mantle of garnet porphyroblasts. Inclusion 
trails in garnet are composed primarily of rutile and are parallel to the primary foliation.  
 Quartz inclusions in garnet range from 3–200 µm in diameter. The largest inclusions are 
commonly associated with fractures radiating into the garnet host. No quartz inclusions exhibited 
a palisade texture (e.g. Mosenfelder and Bohlen, 1997). Mono-mineralic, elastically-isolated (i.e. 
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not fractured, near grain boundaries or other inclusions) 3–20 µm diameter quartz inclusions are 
located only in the core and mantle of garnet porphyroblasts.   
 A fractured 20 µm diameter SiO2 inclusion, contained within a garnet rim adjacent to a 
quartz pressure shadow, was targeted for Raman spectroscopy (Figures 2, 3a; analytical details in 
Supplemental Material). Raman spectra from the host quartz inclusion confirmed the presence of 
α-quartz (Boyer et al., 1985; Liu et al., 1997; Osborne et al., 2019). However, Raman spectra 
from a 2 µm diameter ovoid sphere within the SiO2 inclusion (Figure 3b) yield diagnostic Raman 
bands for coesite at 521 cm-1, 270 cm-1, and 176 cm-1 (Figure 3c, Table S2; Boyer et al., 1985; 
Liu et al., 1997; Osborne et al., 2019) confirming the presence of coesite within the SiO2 
inclusion.  
 A Raman depth profile and X-Y Raman map of the bi-mineralic SiO2 inclusion were 
collected to further verify and characterize the dimensions of the coesite inclusion. In the deepest 
measurements of the depth profile the 464 cm-1 band is the most intense and the 521 cm-1 band is 
absent, indicating only the presence of quartz. The 521 cm-1 band is the most intense band 
between -3 µm and -1 µm (Figure 3d), indicating the relict coesite is ~2.0 µm thick. Between -1 
µm and 0 µm the intensity of the 521 cm-1 band decreases and the 464 cm-1 band again becomes 
the most intense. A Raman map was collected at the depth corresponding to the peak 521 cm-1 
band intensity. The Raman map suggests the relict coesite is approximately 2.5 x 2.0 µm (Figure 
3e), and therefore, the combined results of the depth profile and map imply the relict coesite is 
approximately 10 µm3. Collectively, Raman spectroscopic results confirm that the bi-mineralic 
SiO2 inclusion within the garnet rim is α-quartz containing relict coesite.  
4 P-T Evolution 
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The metamorphic history was further constrained using the mineral inclusions preserved within 
garnet porphyroblasts. Strain-based quartz-in-garnet (QuiG) elastic thermobarometry (e.g. Murri 
et al., 2018; described in Supplemental Material) and Zr-in-rutile thermometry (Tomkins et al., 
2007) were used to constrain P–T conditions of garnet crystallization.  
 Elastic thermobarometry uses the Grünesien tensor and Raman band positions of an 
encapsulated inclusion in a host mineral to calculate the remnant strain and, therefore, remnant 
inclusion pressures for the calculation of entrapment conditions (Murri et al., 2018; Angel et al., 
2019; Bonazzi et al., 2019). QuiG elastic barometry was applied to <10 µm diameter elastically 
isolated quartz inclusions in the garnet cores and garnet mantles. Note that garnet rims did not 
contain elastically isolated coesite/quartz inclusions, precluding the application of elastic 
thermobarometry to garnet rims. For quartz inclusions in the garnet core, the remnant pressure at 
room conditions (23°C) is 6.3±0.2 kbar (2σ) and 8.1±0.6 kbar (2σ) for those in the garnet mantle 
(Table S3). The apparent increase in remnant pressures for quartz inclusions in the garnet core as 
compared to those in the mantle is interpreted to result from prograde garnet growth and 
entrapment of quartz inclusions during subduction.  
 Seventy-nine measurements of the Zr concentrations of rutile inclusions from three 
garnet crystals range from 2-32 ppm Zr (average of 16±8 ppm (1σ), Table S4) and did not vary 
with location from core to rim in the garnet (Figure S2). Since Zr concentrations in rutile re-
equilibrate during prograde metamorphism, we employ the approach of Penniston-Dorland et al., 
(2018), and used the highest Zr concentrations within garnet growth zones to calculate 
temperatures. The difference between the average and maximum Zr concentration (32 ppm) only 
changes the temperature estimates by ~40°C, and thus does not affect the conclusions of this 
study. 
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 When elastic thermobarometry is combined with an in-situ thermometric method applied 
to co-entrapped inclusions within the same zone of garnet porphyroblasts (e.g. Zr-in-rutile), a 
quantitative P–T path of garnet growth can be constrained. In this system, chemical equilibrium 
is controlled by garnet, quartz, rutile, and zircon, simplifying the reactive mineral assemblage for 
thermobarometric estimates (e.g. Gonzalez et al., 2019). The intersections of the univariant 
isopleths and isomekes are then used to constrain a P–T path of prograde garnet growth. The 
combined Zr-in-rutile thermometry and QuiG barometry indicates garnet nucleated at 14–16 
kbar and 452–554°C interpreted to be during subduction zone metamorphism (Figure 4, Stage 1). 
The intersection of the Zr-in-rutile isopleth with QuiG isomekes from quartz inclusions in the 
garnet mantle region are 16–20 kbar and 462–572°C (Figure 4, Stage 2), suggesting garnet 
continued crystallizing during on-going subduction. The stability field of coesite (Osborne et al., 
2019) and minimum temperature estimate based on the average Zr-in-rutile isopleth suggests that 
garnet rims grew at conditions of >28 kbar and >565°C (Figure 4, Stage 3).  
5 Discussion 
Multiple Raman spectroscopic and petrologic methods were used to confirm that garnets grew 
during prograde to UHP conditions. The thorough characterization of coesite using multiple spot 
analyses, depth profiling, and Raman mapping methods, demonstrates that coesite occurs within 
a bi-mineralic SiO2 inclusion in a garnet rim. The relict coesite is fully contained within quartz 
and the volume of the relict coesite is estimated as 10 um3. These high-spatial resolution Raman 
spectroscopic methods allowed us to characterize in detail a bi-mineralic SiO2 microscale 
inclusion. 
 Raman spectroscopic methods were further used to determine the mineralogy of other 
inclusions in garnet and to infer the garnet growth history. The strengths of this approach are 
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two-fold: 1) The mineral inclusions within the garnet are used to constrain the garnet growth 
history, and 2) For elastically isolated inclusions, Raman measurements can be used to quantify 
the strain preserved within inclusions and place constraints on the conditions of garnet growth. 
Coesite is contained exclusively in the garnet rim while inclusions in the garnet core-mantle 
regions are quartz, suggesting that garnet grew during subduction. This is supported by the 
increase of quartz inclusion remnant pressures from the core toward the rim of the garnet which 
implies garnet growth and inclusion entrapment with increasing depths. Strain measurements, 
made using Raman spectroscopy of the elastically isolated quartz inclusions, yield isomekes 
within the quartz stability field, verifying that these quartz inclusions in garnet were never 
coesite nor were they “reset” in the coesite stability field (c.f. Alvaro et al., 2019). 
 Non-lithostatic tectonic overpressure as a result of differential mean stress (Moulas et al., 
2013) has been proposed to explain garnet diffusion and thermobarometric models from an 
eclogite in the Canaan thrust slice, south of the Tillotson Peak locality (Chu et al., 2017). 
Although numerical models suggest that overpressure of subducted UHP rocks is typically small, 
<10% of total pressure (Li et al., 2010) or <5 kbar at ~120 km (Palin et al., 2017), results from 
deformation experiments suggest that it is possible to produce coesite below its P–T stability in 
high-stress rocks (Richter et al., 2016). In the case of the Tillotson Peak metapelite, we infer that 
the rheologically-weak phyllosilicate and quartz matrix could not sustain significant tectonic 
overpressures (Schreyer, 1995; Li et al., 2010). Additionally, the observed relict coesite occurs 
within the garnet pressure shadow containing mostly quartz adjacent to the garnet porphyroblast 
(Figure 2a), a local dilatancy zone within the tensile quadrant of the non-coaxial stress field 
around the garnet. Therefore, we infer that coesite was not produced by tectonic overpressure, 
but rather indicates minimum depths associated with UHP metamorphism. If this is the case, 
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thermobarometry yields a minimum subduction zone geothermal gradient of 6–8°C/km 
(assuming lithostatic pressure gradient and a density of 2.8 g/cm3), suggesting Appalachian UHP 
rocks were metamorphosed along a geothermal gradient consistent with those associated with 
many UHP terranes (5-10°C/km; Penniston-Dorland et al., 2015).  
6 Conclusions 
The discovery of coesite in a metapelite from the Tillotson Peak Complex, Vermont provides 
evidence for UHP metamorphism in the Appalachian orogen. Using a combination of elastic 
thermobarometry, trace element thermometry, and Raman spectroscopic analyses, we 
characterized prograde metamorphism from blueschist-eclogite facies to UHP depths. Additional 
findings of UHP metamorphism in the Appalachian orogen await discovery, especially using 
high-spatial resolution in-situ nano-scale Raman methods for mineral characterization. 
Appendix A 
A1 Analytical Methods 
A1.1 Electron Microprobe Analyses 
A Cameca SXFive electron microprobe at Syracuse University was used for trace 
element measurements of Zr concentrations in rutile, quantitative spot analyses of major 
elements of all major mineral phases, and mapping major element distributions. All 
measurements were performed using a 15 kV accelerating voltage.  
For trace element measurements, the five wavelength dispersive spectrometers were 
tuned, and elements were standardized using silicate and oxide mineral standards by adjusting 
the beam current to attain ~12,000 counts per second on gas-flow proportional counters. Trace 
element measurements of zirconium in rutile were performed using a 200 nA beam current and a 
focused beam. Zirconium Kα X-rays were diffracted with large PET diffraction crystals (22 x 60 
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mm) and simultaneously counted on four spectrometers (400 seconds peak, 200 seconds 
background). The uncertainty on individual measurements is 20 ppmw and individual 
measurements have a 5 ppmw detection limit (Osborne et al., 2019). Rutile reference materials 
with 400 ppm Zr were measured throughout the duration of the analytical session.  
 Major element oxide compositional maps (Al, Si, Mg, Ti, Cr, Mn, Ca, Na, K, Fe) used a 
focused 200 nA beam, 0.005 second dwell time, and 5 µm stage-step size over a 10.24 mm2 area. 
Quantitative spot analyses of all major mineral phases present (garnet, phengite, paragonite, 
epidote, quartz, albite, chlorite, chloritoid) were collected using a 20 nA focused beam. All spot 
analyses (n = 410, >20 per mineral phase) were collected from minerals within the mapped area.  
A1.2 Quantitative EPMA X-Ray Map Data Reduction 
 Quantitative maps were derived using MATLAB®-based XMapTools software (Lanari et 
al., 2014). Quantitative spot analyses were used as internal standards to quantify the composition 
of all pixels within the collected EPMA WDS X-ray maps. Individual mineral phases were 
isolated from the X-ray maps by plotting all pixels on binary and ternary plots and selecting 
clusters of pixels. Masks were created from each cluster of pixels that represented a given 
mineral. A border removing correction was applied to major mineral phases (i.e. garnet, quartz, 
phengite, and paragonite) to eliminate mixing pixels between mineral phases. Each mineral was 
standardized using quantitative spot analyses as internal references in the mapped area. 
Structural formulae of each mineral were derived using the automated routines for garnet, white 
micas, epidote, chlorite, and feldspar in XMapTools (Lanari et al., 2014).  
A1.3 Raman Spectroscopy 
 A Renishaw inVia Raman microprobe at Syracuse University was used for all Raman 
measurements. A 532 nm laser was focused onto specimens with 100X microscope objectives 
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(N.A.=0.9) and Raman shifted light was statically dispersed with 1800 groove/mm gratings onto 
charged-couple devices resulting in spectral resolution of 0.5 cm-1. The spectrometer was 
calibrated against neon lines and a silicon standard. Spectral accuracy and linearity were checked 
throughout each analytical session by measuring the 520.5 cm-1 Raman band of a silicon 
standard, and the Raman bands of a synthetic quartz reference material from the Westinghouse 
Corporation. All Raman spectra were acquired for 20 seconds and measured at room conditions 
of 23°C and 1 bar. Spectra were not processed or corrected prior to peak fitting using Renishaw 
software. Errors on fitted band positions are ~0.2 to 0.3 cm-1.  
 A Raman depth profile was performed to determine the thickness (Z-dimension) of the 
relict coesite. The Raman microscope was equipped with a Renishaw MS20 high-speed encoded 
stage with an encoder resolution of 100 nm step size to track stage X-Y-Z position. The target 
was first brought into optimal ocular focus. The thickness was estimated by optical focusing on 
the top and bottom of the target. X-Y-Z coordinates were recorded using the optically encoded 
Renishaw automated stage at the 100x setting (0.1 µm step). This allowed us to ensure that we 
conducted a depth transect sufficient to measure the thickness of the target with an appropriate 
step size. The depth profile commenced 5 µm beneath the depth at which the relict coesite was in 
optimum optical focus (25 µm beneath the surface of the thin section) and progressed 10 µm 
towards the surface of the thin section at 0.2 µm increments. Raman spectra were processed for 
band positions and intensities of diagnostic 464 cm-1 (quartz), 521 cm-1 (coesite), and 910 cm-1 
(garnet) bands (Figure 3d). 
 Two-dimensional (X-Y) Raman mapping was conducted using a 0.2 µm step size over a 
20.25 µm2 area at the depth corresponding to the highest intensity for the 521 cm-1 band to 
characterize the X-Y dimensions of the relict coesite. Raman data were processed for the intensity 
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of the 521 cm-1 band of coesite using the Renishaw software. Map results were exported and 
plotted using MATLAB®. 
A2 Thermobarometric methods 
A2.1 Quartz-in-garnet Elastic Barometry 
Elastic thermobarometry uses the Raman band positions of an elastically isolated 
inclusion (i.e. not fractured, near other inclusions or along grain boundaries) in a host mineral in 
conjunction with the Grünesien tensor to calculate the remnant strain and, therefore, remnant 
inclusion pressures (Murri et al., 2018; Angel et al., 2019; Bonazzi et al., 2019; details in 
Supplementary Materials). The Equations of State for the host and inclusion minerals can be 
used with the remnant inclusion pressures in an elastic model to calculate curves of relative 
volume equivalency in P–T space (i.e. isomekes) that represent the possible conditions of 
inclusion entrapment (Angel et al., 2017). 
Remnant inclusion pressures (!"#$) were calculated from room temperature 
measurements of the 128, 206, and 464 cm-1 Raman bands of quartz inclusions in garnet using an 
elastic-tensor calculation (Murri et al., 2018; Bonazzi et al., 2019) (!"#$(.*.). The elastic-tensor was 
chosen for calculating !"#$ because it inherently accounts for quartz elastic anisotropy at room 
P–T conditions (Bonazzi et al., 2019). The stRAinMAN software (Angel et al., 2019) was used 
to calculate strains ε1+ε2 and ε3 imposed on the quartz crystallographic axes. Strains were used in 
conjunction with elastic constants of quartz at room P–T conditions to calculate !"#$(.*. (Wang et 
al., 2015). A matrix of the elastic tensor was derived using the elastic constants of Wang et al.,  
(Wang et al., 2015) and symmetry constraints of trigonal α-quartz (Nye, 1957). A stress matrix 
was calculated using matrix multiplication of the elastic tensor matrix and the strain matrix. To 
determine !"#$(.*., the components of the stress matrix were summed and divided by three.  
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Isomekes define the P–T points along which inclusions with a specific Pinc could have 
been entrapped and were calculated using Eq. 6 of Angel et al., 2017. Quartz volumes were 
calculated using a P–T–V equation of state and parameters for the full Landau transition and 
curved α-β phase boundary model (Angel et al., 2017). The Tait equation of state described in 
Holland and Powell 2011 (Holland and Powell, 2011) and equation of state parameters listed in 
Gonzalez et al., (2019) were used to calculate garnet volumes. In order to estimate P–T of 
inclusion entrapment, isomekes were combined with a complimentary thermometric 
determination (Thomas and Spear, 2018). 
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Tables 
Table S1: Quartz-in-garnet elastic thermobarometry data.  
Sample 
Name avg 128 avg 206 avg 464 
Geom. 
Corr. dω128 dω206 dω464 e1+e2 e3 (e1+e2)/2 
Pinc 
(e.t.) Note 
vt86_1_1_1 131.405 220.905 469.857 0 3.4 14.098 5.09 
-
0.017 
-
0.001 -0.0085 0.643 Core 
vt86_1_5_1 131.692 220.626 469.775 0 3.687 13.819 5.008 
-
0.015 
-
0.002 -0.0075 0.616 Mantle 
vt86_1_6_1 132.848 225.468 471.514 0 4.843 18.661 6.747 
-
0.021 
-
0.003 -0.0105 0.871 Mantle 
vt86_1_7_1 132.439 223.627 470.779 0 4.434 16.82 6.012 
-
0.019 
-
0.003 -0.0095 0.801 Mantle 
vt86_1_8_1 132.658 225.207 471.062 0 4.653 18.4 6.295 
-
0.023 
-
0.001 -0.0115 0.854 Mantle 
vt86_1_14_1 131.418 220.364 469.785 0 3.413 13.557 5.018 
-
0.015 
-
0.002 -0.0075 0.616 Core 
vt86_1_18_1 131.703 220.703 469.606 -0.1 3.698 13.896 4.839 
-
0.016 
-
0.002 -0.008 0.724 Mantle 
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Table S2. Reference material measurements for Quartz-in-garnet thermobarometry. 
 
Measurement average 128 average 206 average 464 
Day 1 127.99 206.76 464.737 
Day 2 128.02 206.854 464.797 
 
 
Table S3. Zr concentration of rutile in garnet cores.  
 
Core Zr (ppm) Notes 
Rutile 1 15 core 
Rutile 2 8 core 
Rutile 3 19 core 
Rutile 23 11 core 
Rutile 24 22 core 
Rutile 1 8 core 
Rutile 2 14 core 
Rutile 3 2 core 
Rutile 4 12 core 
Rutile 13 30 core 
Rutile 32 28 core 
Rutile 33 20 core 
Rutile 34 14 core 
Rutile 36 13 core 
Core     
Average 15.43   
St. Dev 7.46   
St. Err 1.99   
2 St. Err 3.99   
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Table S4. Zr concentration of rutile in garnet mantles. 
 
Mantle Zr (ppm) Notes 
Rutile 4 26 mantle 
Rutile 10 16 mantle 
Rutile 11 13 mantle 
Rutile 12 8 mantle 
Rutile 13 7 mantle 
Rutile 5 14 mantle 
Rutile 6 20 mantle 
Rutile 7 13 mantle 
Rutile 8 6 mantle 
Rutile 9 6 mantle 
Rutile 10 12 mantle 
Rutile 26 8 mantle 
Rutile 27 14 mantle 
Rutile 28 31 mantle 
Rutile 2 4 mantle 
Rutile 4 40 mantle 
Rutile 5 20 mantle 
Rutile 10  12 mantle 
Rutile 12 23 mantle 
Rutile 14 16 mantle 
Rutile 15 13 mantle 
Rutile 16 27 mantle 
Rutile 17 11 mantle 
Rutile 18 17 mantle 
Rutile 19 15 mantle 
Rutile 21 2 mantle 
Rutile 23 24 mantle 
Rutile 24 18 mantle 
Rutile 25 25 mantle 
Rutile 26 6 mantle 
Rutile 27 15 mantle 
Rutile 28 20 mantle 
Rutile 29 25 mantle 
Rutile 30 8 mantle 
Rutile 31 21 mantle 
Mantle     
Average 15.89   
St. Dev 8.25   
St. Err 1.39   
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Table S5. Zr concentration of rutile in garnet rims. 
 
Rim Zr (ppm) Notes 
Rutile 6 12 rim 
Rutile 7 8 rim 
Rutile 8 13 rim 
Rutile 9 20 rim 
Rutile 14 24 rim 
Rutile 15 24 rim 
Rutile 16 32 rim 
Rutile 17 13 rim 
Rutile 18 9 rim 
Rutile 19 22 rim 
Rutile 20 16 rim 
Rutile 21 26 rim 
Rutile 22 20 rim 
Rutile 25 21 rim 
Rutile 26 27 rim 
Rutile 11 13 rim 
Rutile 12 7 rim 
Rutile 13 4 rim 
Rutile 14 21 rim 
Rutile 15 19 rim 
Rutile 16 18 rim 
Rutile 19 6 rim 
Rutile 20 16 rim 
Rutile 21 10 rim 
Rutile 22 8 rim 
Rutile 24 24 rim 
Rutile 20 24 rim 
Rutile 22 13 rim 
Rim     
Average 16.79   
St. Dev 7.16   
St. Err 1.35   
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Table S6. Zr concentration of matrix rutile. 
 
Matrix Zr (ppm) Notes 
Rutile 1 16 matrix 
Rutile 2 14 matrix 
Rutile 3 34 matrix 
Rutile 4 50 matrix 
Rutile 5 22 matrix 
Rutile 6 8 matrix 
Rutile 7 22 matrix 
Rutile 7.2 31 matrix 
Rutile 7.3 32 matrix 
Rutile 7.4 17 matrix 
Rutile 7.5 21 matrix 
Rutile 8 25 matrix 
Rutile 9 4 matrix 
Rutile 10.1 22 matrix 
Rutile 10.2 18 matrix 
Rutile 10.3 29 matrix 
Rutile 11 24 matrix 
Rutile 12 23 matrix 
Rutile 13 19 matrix 
Matrix     
Average 22.68   
St. Dev 9.83   
St. Err 2.25   
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Table S7. Spot analyses of quartz and feldspar used as internal standards for data reduction in XMapTools.  
 
Na2O K2O CaO MgO SiO2 Al2O3 TiO2 SrO BaO Total X Y Comment 
0.03 0.02 0 0 101.06 0.01 0.01 0.02 0.09 101.24 -596 33049 qtz_1 
0 0.01 0 0 101.37 0 0.03 0.12 0.19 101.73 -480.7 33066.9 qtz_1 
0.01 0.01 0.03 0 101.32 0 0.02 0 0.06 101.46 -365.3 33084.8 qtz_1 
0.03 0.01 0 0 100.95 0 0 0.06 0 101.05 -250 33102.7 qtz_1 
0 0.02 0 0 101.52 0.01 0 0.02 0.03 101.59 -134.7 33120.6 qtz_1 
0.04 0.01 0 0 100.96 0 0.04 0 0 101.04 -19.3 33138.5 qtz_1 
0.01 0 0 0 101.11 0.01 0.01 0 0.03 101.17 96 33156.3 qtz_1 
0 0 0 0 100.57 0 0.02 0 0.05 100.66 211.3 33174.2 qtz_1 
0 0.01 0.01 0 100.34 0.01 0 0 0 100.37 326.7 33192.1 qtz_1 
0 0.02 0 0 100.61 0 0 0 0 100.63 442 33210 qtz_1 
0.05 0.03 0 0 101.77 0.02 0 0 0.05 101.92 4777 28455 qtz_2 
0.02 0 0.01 0.01 101.05 0.01 0 0 0.04 101.15 4904.3 28454.9 qtz_2 
0 0.01 0.01 0 100.7 0.03 0 0 0 100.75 5031.7 28454.8 qtz_2 
0.02 0.01 0.01 0 100.69 0 0 0 0 100.74 5159 28454.7 qtz_2 
0.05 0 0 0 100.05 0.02 0.01 0.01 0.09 100.24 5286.3 28454.6 qtz_2 
0 0.01 0.03 0 100.27 0.02 0 0 0 100.33 5413.7 28454.5 qtz_2 
0 0.01 0.01 0 99.64 0.01 0.01 0 0.12 99.79 5541 28454.3 qtz_2 
0 0 0 0 99.05 0.02 0.03 0.02 0 99.11 5668.3 28454.2 qtz_2 
0.06 0.04 0 0.01 98.58 0 0 0 0 98.69 5795.7 28454.1 qtz_2 
0 0.01 0 0 99.9 0 0 0 0.26 100.18 5923 28454 qtz_2 
0.06 0.04 0.02 0 101.62 0.13 0 0 0.02 101.89 7439 21889 qtz_3 
0.02 0.02 0 0.01 97.04 0.03 0.02 0.01 0.04 97.19 7613.3 21902.2 qtz_3 
0.01 0.01 0 0 100.12 0 0 0 0 100.14 7787.7 21915.5 qtz_3 
0 0.02 0 0 101.1 0.01 0 0 0.08 101.21 7962 21928.7 qtz_3 
0 0 0.01 0 100.63 0.01 0.02 0 0 100.68 8136.3 21941.9 qtz_3 
0.04 0 0 0 100.6 0.01 0 0 0 100.65 8310.7 21955.1 qtz_3 
0 0.01 0 0.01 100.47 0 0.03 0 0.03 100.55 8485 21968.3 qtz_3 
0.05 0 0 0 101.18 0.02 0 0.05 0 101.3 8659.3 21981.6 qtz_3 
0.04 0 0.01 0 102.27 0.03 0 0 0 102.35 8833.7 21994.8 qtz_3 
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Na2O K2O CaO MgO SiO2 Al2O3 TiO2 SrO BaO Total X Y Comment 
0 0.01 0.02 0 102.91 0 0 0 0 102.94 9008 22008 qtz_3 
1.01 8.93 0.09 0.83 52 32.98 0.03 0.21 0.28 96.37 5390 28400 alb_4 
4.27 1.17 0.13 0.13 76.5 31.94 0.05 0 0.16 114.36 5403.4 28399.8 alb_4 
4.93 1.25 0.13 0.11 48.56 35.26 1.36 0.04 0.01 91.63 5416.7 28399.6 alb_4 
7.02 0.82 0.13 0.12 46.03 37.28 0.07 0 0 91.47 5430.1 28399.4 alb_4 
6.85 1.04 0.13 0.1 45.98 35.49 0.05 0 0 89.65 5443.5 28399.2 alb_4 
6.26 1.23 0.09 0.16 42.38 31.79 0.07 0.81 0 82.79 5456.8 28399 alb_4 
5.34 1.16 0.07 0.13 41.88 30.29 0.02 0 0.03 78.92 5470.2 28398.7 alb_4 
7.25 0.93 0.11 0.09 44.73 35.87 0.03 0.12 0 89.13 5483.6 28398.5 alb_4 
7.2 0.6 0.15 0.09 45.93 36.9 0.03 0.08 0.07 91.04 5496.9 28398.3 alb_4 
7.05 0.71 0.07 0.11 46.54 37.52 0.04 0.08 0.22 92.35 5510.3 28398.1 alb_4 
6.78 0.76 0.1 0.13 46.66 37.16 0 0 0 91.6 5523.7 28397.9 alb_4 
7.49 0.98 0.14 0.19 47.2 38.18 0.02 0.19 0.07 94.46 5537.1 28397.7 alb_4 
6.64 0.84 0.11 0.11 46.03 37.7 0.04 0 0.37 91.83 5550.4 28397.5 alb_4 
7.03 0.85 0.09 0.13 46.75 37.41 0.02 0.14 0 92.43 5563.8 28397.3 alb_4 
6.63 0.83 0.08 0.09 44.39 36.03 0.08 0.36 0.02 88.52 5577.2 28397.1 alb_4 
6.41 0.95 0.1 0.11 45.66 36.6 0.05 0.05 0 89.94 5590.5 28396.8 alb_4 
5.88 1.13 0.11 0.14 46.67 36.28 0.05 0 0 90.27 5603.9 28396.6 alb_4 
6.12 0.81 0.14 0.15 45.99 37.01 0.03 0.28 0.27 90.8 5617.3 28396.4 alb_4 
6.45 0.86 0.09 0.12 45.47 36.6 0 0.46 0.25 90.3 5630.6 28396.2 alb_4 
6.22 1.1 0.09 0.16 45.06 35.85 0.03 0 0 88.51 5644 28396 alb_4 
6.27 0.71 0.12 0.11 55.26 35.92 0.01 0 0.14 98.53 6140 28396 alb_5 
6.79 0.91 0.14 0.1 44.48 35.79 0.03 0.06 0.02 88.31 6150 28410.7 alb_5 
6.29 0.8 0.09 0.13 44.82 35.71 0.02 0.18 0.17 88.2 6160 28425.5 alb_5 
5.6 1.06 0.09 0.11 46.28 37.1 0.02 0.19 0 90.45 6170 28440.2 alb_5 
5.63 1.46 0.19 0.12 42.57 33.17 0.11 0 0 83.26 6180 28455 alb_5 
6.23 1.03 0.1 0.14 45.82 36.29 0.05 0 0 89.66 6190 28469.7 alb_5 
6.35 1.07 0.07 0.18 44.93 35.97 0.01 0.11 0.26 88.94 6200 28484.4 alb_5 
7.32 0.99 0.04 0.14 44.89 36.16 0.08 0.01 0.3 89.93 6210 28499.2 alb_5 
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Table S8. Spot analyses of mica used as internal standards for data reduction in XMapTools.  
 
Na2O FeO MgO Cr2O3 MnO F SiO2 Al2O3 K2O CaO TiO2 Cl Total X Y 
0.58 3.16 2.39 0.01 0 0.04 51 26.43 8.79 0.01 0.31 0.14 92.86 -562 25002 
0.33 3.95 2.23 0.08 0.01 0.29 48.57 25.78 10.1 0.13 0.24 0.14 91.85 -505 24959.8 
0.55 4.22 2.11 0.02 0.04 0.15 50.5 28.23 10.1 0.02 0.29 0.03 96.27 -447.9 24917.5 
0.42 4.81 2.58 0 0 0 50.16 28.3 9.88 0.01 0.29 0.04 96.5 -390.9 24875.3 
0.34 3.69 2.39 0.02 0.03 0.54 48.58 26.21 9.38 0.03 0.24 0.08 91.52 -333.9 24833 
0.36 4.04 2.49 0 0.03 0 51.24 27.62 10.53 0.01 0.31 0 96.63 -276.8 24790.8 
0.33 4.1 2.5 0.04 0 0.39 51.84 27.23 10.16 0.01 0.25 0.02 96.87 -219.8 24748.6 
0.44 3.89 2.53 0.02 0.01 0.44 49.47 26.27 9.96 0.12 0.24 0.05 93.44 -162.8 24706.3 
0.48 4.31 2.49 0 0 0.51 51.83 27.64 10.23 0 0.29 0 97.78 -105.7 24664.1 
0.5 4.25 2.23 0.03 0.04 0.16 50.98 28.53 10.23 0 0.29 0 97.25 -48.7 24621.8 
0.57 4.03 2.39 0 0 0.09 51.4 28.21 9.98 0 0.3 0.03 96.99 8.3 24579.6 
0.61 4.19 2.48 0.02 0.01 0.03 51.41 27.84 10.24 0.02 0.33 0.04 97.21 65.4 24537.4 
0.59 4.04 2.56 0.02 0 0.17 51.44 27.29 10.01 0 0.28 0.01 96.4 122.4 24495.1 
0.58 3.95 2.65 0.03 0 0 51.86 27.7 10.04 0 0.26 0.03 97.1 179.4 24452.9 
0.4 4.04 2.54 0 0.01 0.04 52.07 27.54 10.18 0 0.25 0 97.07 236.5 24410.6 
0.44 3.91 2.46 0.02 0.03 0.13 52.13 27.66 10.17 0.01 0.23 0 97.18 293.5 24368.4 
0.46 4.14 2.31 0.02 0.01 0.27 51.46 28.13 10.19 0 0.29 0.01 97.28 350.6 24326.1 
1.17 3.7 1.98 0.08 0 0.17 52.25 27.07 9.99 0.06 0.33 0.01 96.82 407.6 24283.9 
0.71 3.97 2.27 0.07 0 0.6 51.24 28.92 10.02 0 0.3 0.08 98.17 464.6 24241.7 
0.38 3.79 2.14 0.01 0 0.43 50.68 28.69 10.36 0 0.32 0.02 96.81 521.7 24199.4 
10.05 0.3 0.09 0.07 0.06 0.07 68.36 21.53 0.36 1.89 0.01 0.04 102.83 578.7 24157.2 
0.53 4.12 2.32 0.06 0.02 0 51.4 27.89 10.12 0.01 0.31 0.03 96.81 635.7 24114.9 
1.36 3.04 1.44 0.03 0 0 49.49 31.48 8.92 0.06 0.33 0.04 96.2 692.8 24072.7 
0.65 5.79 2.7 0 0.01 0 48.79 28.67 9.31 0.02 0.3 0.03 96.28 749.8 24030.5 
0.52 3.96 2.55 0.05 0 0.05 52.18 27.44 10.14 0.01 0.24 0 97.14 806.8 23988.2 
0.49 4.03 2.53 0 0.01 0.34 52.15 27.22 9.99 0.01 0.21 0.02 97 863.9 23946 
0.57 4.17 2.44 0.03 0.03 0.12 51.42 27.19 10.15 0.03 0.29 0.04 96.48 920.9 23903.7 
0.62 4.13 2.33 0.02 0 0.13 51.54 27.75 10 0 0.32 0.02 96.86 977.9 23861.5 
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Na2O FeO MgO Cr2O3 MnO F SiO2 Al2O3 K2O CaO TiO2 Cl Total X Y 
0.57 4.22 2.5 0 0 0 51.93 27.6 10.17 0 0.28 0 97.27 1035 23819.2 
0.27 3.75 2.7 0.05 0.06 0.41 52.05 27.73 10.46 0 0.26 0.02 97.76 1092 23777 
0.52 4.12 2.38 0.02 0.01 0.42 51.3 28.56 10.15 0 0.33 0.02 97.82 5539 31290 
0.51 3.95 2.19 0.03 0 0.25 51.12 29.01 10.17 0.01 0.31 0.04 97.59 5568 31270.6 
0.54 4.2 2.18 0.04 0 0.06 51.03 28.53 10.22 0 0.33 0.04 97.17 5596.9 31251.1 
0.61 3.86 1.88 0.05 0.02 0 49.06 28.62 9.96 0.01 0.3 0.09 94.46 5625.9 31231.7 
0.47 4.09 2.13 0 0.03 0.27 49.66 27.44 9.98 0.03 0.3 0.09 94.48 5654.9 31212.2 
0.55 4.1 2.31 0.01 0 0.25 51.03 27.7 9.92 0.03 0.32 0.09 96.28 5683.8 31192.8 
0.43 4.12 2.32 0.07 0.01 0.02 51.46 27.82 10.25 0 0.32 0.01 96.83 5712.8 31173.3 
0.53 4.15 2.22 0.09 0.05 0.1 50.97 27.95 10.25 0 0.28 0.06 96.64 5741.8 31153.9 
0.34 3.49 1.87 0.04 0 0.32 49.98 29.7 10.52 0 0.28 0.03 96.56 5770.7 31134.4 
0.58 4.19 2.15 0.03 0.01 0.29 49.72 27.86 10.17 0.01 0.28 0.05 95.36 5799.7 31115 
0.4 4.09 2.17 0.02 0 0.14 51.14 28.14 10.46 0 0.34 0 96.92 5828.7 31095.5 
0.43 3.7 2.18 0 0 0 50.85 28.53 10.69 0 0.34 0 96.73 5857.6 31076.1 
0.6 4.05 2.31 0 0.01 0.19 51.14 27.87 10.02 0 0.28 0 96.47 5886.6 31056.6 
0.62 3.99 2.55 0 0.04 0.55 51.49 28.58 9.72 0.04 0.33 0.11 98.01 5915.6 31037.2 
0.41 4.15 2.13 0 0.01 0.32 50.96 28.77 10.31 0 0.3 0 97.35 5944.5 31017.7 
0.53 4.08 2.44 0.02 0.02 0.17 51.92 27.66 10.07 0 0.32 0.01 97.24 5973.5 30998.3 
0.93 3.92 2.46 0 0.05 0.34 50.57 27.06 9.51 0.04 0.31 0.3 95.5 6002.4 30978.8 
0.58 3.9 2.46 0 0.01 0.21 51.63 27 10.02 0 0.26 0.06 96.13 6031.4 30959.4 
0.55 3.7 2.44 0 0 0.21 51.76 27.59 10.01 0.01 0.27 0.04 96.59 6060.4 30939.9 
0.52 3.88 2.41 0.01 0.01 0.37 51.36 27.83 9.99 0 0.24 0.01 96.64 6089.3 30920.5 
0.71 3.94 2.35 0 0 0.49 51.31 28.03 9.93 0.02 0.27 0.04 97.09 6118.3 30901 
0.45 3.74 2.78 0 0 0 52.33 26.75 10.24 0 0.17 0.03 96.5 6147.3 30881.6 
0.53 4.05 2.58 0.03 0.01 0.18 51.18 26.77 9.7 0 0.26 0.05 95.33 6176.2 30862.1 
0.36 3.37 2.89 0.01 0.04 0 51.74 26.81 10.12 0.03 0.18 0.13 95.68 6205.2 30842.7 
0.45 3.72 2.52 0 0.01 0.27 52.75 28.15 10.15 0 0.25 0.01 98.28 6234.2 30823.2 
0.47 4.06 2.54 0 0.02 0 51.91 27.79 10.14 0 0.25 0 97.17 6263.1 30803.8 
0.24 3.48 3.17 0.05 0.04 0 52.72 26.82 10.56 0 0.14 0 97.21 6292.1 30784.4 
0.48 3.85 2.56 0.01 0.02 0.28 51.72 27.14 10.07 0.01 0.25 0.01 96.4 6321.1 30764.9 
0.51 3.91 2.59 0 0.03 0 51.01 27.37 10.07 0.04 0.25 0.09 95.87 6350 30745.5 
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Na2O FeO MgO Cr2O3 MnO F SiO2 Al2O3 K2O CaO TiO2 Cl Total X Y 
0.63 3.79 2.62 0 0.06 0.14 52.32 28.07 9.97 0.01 0.26 0.02 97.89 6379 30726 
0.69 3.97 2.36 0.01 0.03 0 51.92 27.82 9.81 0.02 0.33 0.02 96.97 9273 32414 
0.57 3.97 2.44 0.01 0 0.04 51.32 27.23 9.8 0.02 0.27 0.08 95.76 9333.8 32374.5 
0.56 3.95 2.38 0.01 0.02 0.29 51.46 28.39 10.12 0.02 0.32 0.01 97.53 9394.6 32335.1 
0.41 4 2.26 0.02 0 0.03 51.44 28.11 10.2 0 0.3 0.03 96.79 9455.4 32295.6 
0.58 3.87 2.48 0.01 0.03 0.06 51.6 27.92 10.02 0 0.24 0.06 96.88 9516.2 32256.1 
0.46 4.14 2.5 0.02 0.03 0.32 51.86 27.71 10.03 0.03 0.27 0.01 97.39 9576.9 32216.6 
0.35 3.88 2.47 0 0.02 0 51.11 27.32 10.11 0.05 0.28 0.09 95.67 9637.7 32177.2 
0.54 4.19 2.5 0.03 0.01 0 51.65 27.24 10.04 0 0.27 0.02 96.48 9698.5 32137.7 
0.59 4.05 2.25 0.01 0 0 50.66 27.82 9.89 0.04 0.3 0.14 95.74 9759.3 32098.2 
0.63 3.95 2.36 0.03 0 0.3 51.32 27.55 9.94 0.02 0.27 0.06 96.44 9820.1 32058.7 
0.69 3.93 2.4 0.05 0 0.18 51.55 27.75 9.81 0.02 0.3 0.03 96.69 9880.9 32019.3 
0.31 3.84 2.68 0.04 0 0 51.32 26 10.16 0.01 0.22 0.05 94.63 9941.7 31979.8 
0.61 4.07 2.3 0.01 0.01 0.32 51.06 28.15 9.99 0.01 0.37 0.01 96.9 10002.5 31940.3 
0.49 3.95 2.36 0 0.09 0.16 50.48 27.08 10.14 0 0.32 0 95.06 10063.3 31900.8 
0.36 3.66 2.69 0.04 0.05 0 51.91 27.69 10.21 0 0.21 0.02 96.83 10124.1 31861.4 
0.49 4.03 2.23 0.05 0.02 0.22 51.35 27.75 10.04 0.02 0.29 0.01 96.5 10184.8 31821.9 
1.05 3.6 2.31 0 0.04 0 53.07 26.1 9.57 0.03 0.22 0.05 96.05 10245.6 31782.4 
0.45 3.81 2.79 0.02 0.02 0 51.73 26.92 10.14 0.01 0.23 0.02 96.14 10306.4 31743 
0.41 3.94 2.87 0.05 0 0.23 52.61 26.4 10.22 0.03 0.18 0 96.96 10367.2 31703.5 
0.45 3.72 2.68 0.02 0.03 0.39 52.16 27.42 10.06 0.01 0.22 0.07 97.21 10428 31664 
6.85 0.81 0.13 0 0 0.09 49.6 38.85 0.78 0.13 0.06 0.04 97.33 9833 27917 
6.96 0.73 0.18 0 0.05 0.01 49.78 39.06 0.86 0.1 0.06 0.03 97.8 9865.3 27903.4 
6.85 0.65 0.19 0 0 0.39 49.49 38.83 0.93 0.1 0.05 0 97.49 9897.6 27889.7 
6.79 0.68 0.16 0.06 0.01 0 49.59 39.03 0.86 0.08 0.06 0.02 97.33 9929.9 27876.1 
7.31 0.65 0.15 0.04 0 0 49.23 39.22 0.74 0.15 0.04 0.15 97.67 9962.3 27862.5 
6.9 0.63 0.18 0 0.02 0.39 49.65 39.12 0.85 0.1 0.05 0 97.9 9994.6 27848.8 
7.21 0.64 0.15 0.03 0 0 49.58 39.4 0.73 0.11 0.04 0 97.89 10026.9 27835.2 
7.23 0.69 0.17 0 0.01 0.04 49.55 40 0.45 0.11 0.07 0 98.34 10059.2 27821.6 
7.08 0.7 0.11 0.01 0.03 0.19 49.15 39.72 0.58 0.11 0.05 0 97.73 10091.5 27808 
7.04 0.61 0.11 0.01 0 0.26 49.8 39.19 0.73 0.11 0.07 0 97.95 10123.8 27794.3 
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Na2O FeO MgO Cr2O3 MnO F SiO2 Al2O3 K2O CaO TiO2 Cl Total X Y 
6.7 0.64 0.25 0.02 0.01 0 49.51 38.48 1.02 0.12 0.06 0.1 96.89 10156.2 27780.7 
7.45 0.69 0.13 0 0 0 49.76 39.38 0.34 0.07 0.04 0.04 97.89 10188.5 27767.1 
7.04 0.72 0.21 0.03 0.02 0 49.56 39.27 0.42 0.08 0.03 0.02 97.41 10220.8 27753.4 
6.59 0.78 0.15 0.02 0.01 0.25 49.03 38.86 0.95 0.12 0.04 0.05 96.85 10253.1 27739.8 
6.83 0.84 0.25 0 0 0.08 49.28 38.76 1.04 0.08 0.05 0.1 97.31 10285.4 27726.2 
6.69 0.89 0.22 0.03 0.02 0 49.47 38.83 1.08 0.09 0.06 0.04 97.41 10317.7 27712.5 
6.85 0.73 0.13 0.03 0.01 0 49.55 39.4 0.91 0.12 0.16 0.04 97.93 10350.1 27698.9 
6.97 0.64 0.12 0 0.02 0 49.49 39.19 0.66 0.15 0.06 0.02 97.32 10382.4 27685.3 
7.21 0.79 0.12 0.04 0.03 0.17 49.33 38.88 0.88 0.12 0.07 0.1 97.75 10414.7 27671.6 
6.57 0.77 0.18 0.02 0 0.15 49.2 38.49 0.84 0.11 0.07 0 96.39 10447 27658 
7.2 0.75 0.13 0.02 0 0 49.42 39.2 0.79 0.07 0.06 0.01 97.65 -3856 31337 
7.08 0.72 0.07 0 0.01 0 48.74 38.55 0.47 0.12 0.05 0.01 95.82 -3848.3 31309.5 
7.4 0.71 0.09 0.03 0 0 49.1 39.5 0.62 0.15 0.04 0.01 97.65 -3840.6 31282 
7.23 0.69 0.1 0.01 0 0 49.52 39.69 0.65 0.12 0.03 0.06 98.1 -3832.9 31254.4 
7 0.65 0.14 0.02 0 0 48.84 39.12 0.93 0.15 0.05 0.05 96.94 -3825.3 31226.9 
6.84 0.76 0.12 0.05 0.02 0.15 49.12 39.03 0.85 0.1 0.06 0 97.09 -3817.6 31199.4 
6.95 0.7 0.13 0 0 0.28 49.24 38.69 0.85 0.07 0.04 0.05 97 -3809.9 31171.8 
6.86 0.71 0.12 0.01 0 0 48.72 38.45 0.85 0.14 0.05 0 95.92 -3802.2 31144.3 
6.9 0.64 0.14 0.04 0.02 0 49.08 39.31 0.78 0.11 0.04 0.01 97.06 -3794.5 31116.8 
7.09 0.78 0.14 0.02 0 0 49 39.31 0.83 0.1 0.06 0.01 97.33 -3786.8 31089.3 
7.08 0.77 0.11 0 0.01 0.1 49.01 39.3 0.78 0.11 0.07 0.01 97.36 -3779.2 31061.7 
0.27 0.44 0.06 0.03 0.02 0.2 0.82 2.12 0.05 0 96.89 0.01 100.9 -3771.5 31034.2 
6.85 0.88 0.1 0 0 0 49.2 38.88 0.91 0.09 0.06 0.01 96.98 -3763.8 31006.7 
7.14 0.68 0.13 0 0.01 0.44 49.19 38.64 0.38 0.13 0.04 0.02 96.79 -3756.1 30979.2 
7.25 0.67 0.13 0 0 0.05 49.14 39.07 0.45 0.12 0.03 0.01 96.93 -3748.4 30951.6 
7.29 0.6 0.16 0.04 0.02 0 48.83 38.59 0.43 0.11 0.04 0.05 96.17 -3740.7 30924.1 
7.43 0.63 0.14 0 0 0 48.87 39.08 0.36 0.11 0.05 0 96.68 -3733.1 30896.6 
7.15 0.69 0.16 0.01 0 0 49.33 38.91 0.74 0.12 0.05 0.01 97.16 -3725.4 30869.1 
7.21 0.69 0.15 0.03 0.09 0.33 49.25 39.16 0.63 0.11 0.04 0 97.69 -3717.7 30841.5 
7.17 0.55 0.07 0.03 0.02 0 48.86 38.82 0.47 0.12 0.02 0 96.12 -3710 30814 
7.18 0.67 0.16 0.03 0 0.44 49.65 39.42 0.89 0.1 0.06 0 98.6 -2490 31333 
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Na2O FeO MgO Cr2O3 MnO F SiO2 Al2O3 K2O CaO TiO2 Cl Total X Y 
7.07 0.7 0.16 0.02 0 0.27 49.56 39.7 0.7 0.12 0.05 0.02 98.37 -2460.8 31315.1 
7.01 0.68 0.18 0 0.07 0.24 49.67 39.08 0.84 0.11 0.05 0.01 97.93 -2431.6 31297.2 
6.7 0.6 0.12 0 0.07 0 49.09 39.66 0.63 0.11 0.05 0 97.02 -2402.4 31279.3 
6.77 0.75 0.1 0.06 0 0 49.44 39.24 0.67 0.1 0.06 0.02 97.2 -2373.2 31261.4 
7.31 0.67 0.13 0.06 0 0.05 49.52 40.02 0.43 0.08 0.05 0 98.31 -2343.9 31243.5 
7.04 0.69 0.18 0.02 0.06 0 49.54 39.36 0.36 0.09 0.05 0.01 97.39 -2314.7 31225.6 
6.95 0.59 0.2 0.02 0 0.04 49.69 39.68 0.92 0.1 0.1 0.01 98.3 -2285.5 31207.7 
7.03 0.61 0.21 0 0.03 0 49.5 39.28 0.89 0.11 0.11 0.02 97.8 -2256.3 31189.8 
6.91 0.69 0.14 0.05 0 0 49.37 39.58 0.68 0.13 0.07 0.02 97.63 -2227.1 31172 
7.09 0.72 0.14 0 0.03 0 49 39.25 0.93 0.14 0.05 0.17 97.5 -2197.9 31154.1 
7.04 0.63 0.14 0.03 0 0.11 49.93 40.14 0.52 0.1 0.05 0.03 98.72 -2168.7 31136.2 
7.31 0.6 0.12 0.03 0 0.16 49.33 39.75 0.46 0.12 0.05 0.11 98.06 -2139.5 31118.3 
6.98 0.56 0.13 0.04 0.05 0.15 49.54 39.04 0.61 0.12 0.03 0.02 97.27 -2110.3 31100.4 
7.06 0.65 0.15 0 0.07 0 49.6 38.86 0.43 0.14 0.04 0.03 97.03 -2081.1 31082.5 
7.04 0.83 0.09 0.08 0 0.18 49.24 39.18 0.7 0.11 0.06 0.02 97.52 -2051.8 31064.6 
5.88 0.95 0.21 0.02 0.03 0 49.01 38.21 2.48 0.11 0.06 0.03 96.99 -2022.6 31046.7 
7.24 0.73 0.07 0 0 0.12 49.5 39.62 0.37 0.09 0.05 0 97.79 -1993.4 31028.8 
7.1 0.72 0.09 0.03 0 0.21 49.54 39.86 0.45 0.13 0.05 0 98.18 -1964.2 31010.9 
7.21 0.71 0.06 0 0.05 0.09 49.63 39.85 0.35 0.14 0.04 0.01 98.13 -1935 30993 
0.11 14.97 12.07 0.01 0.08 0 54.24 15.56 0.13 0.03 0.06 0.06 97.32 7618 32675 
0.11 18.69 13.51 0.03 0.03 0 27.73 17.63 0.15 0.03 0.05 0.19 78.13 7681.7 32658.7 
0 0.35 0.1 0 0.01 0.34 105.83 0.12 0.01 0.04 0.01 0.02 106.84 7745.5 32642.5 
0 0.17 0.01 0 0 0 105.27 0.02 0 0.01 0 0 105.48 7809.2 32626.2 
0.35 9.84 8.54 0 0.02 0.02 51.93 15.37 0.26 0.04 0.03 0.29 86.69 7872.9 32610 
10.74 0.19 0 0 0 0 72.11 19.21 0.04 0.38 0.01 0.01 102.7 7936.7 32593.7 
0.04 0.91 0.93 0.01 0.04 0.12 102.83 1.26 0.01 0.01 0 0.03 106.19 8000.4 32577.4 
4.46 14.24 8.07 0.02 0.01 0 47.44 19.36 0.07 0.24 0.03 0.02 93.97 8064.2 32561.2 
0.51 87.32 0 0.02 0 0.06 3.06 0.87 0 0.02 0.02 0.04 91.92 8127.9 32544.9 
0 0.42 0.02 0 0 0.15 105.09 0 0 0 0 0 105.69 8191.6 32528.6 
0.03 21.39 16.48 0 0.07 0.11 28.01 20.09 0.03 0.04 0.08 0.04 86.37 8255.4 32512.4 
0.24 12.43 8.86 0.01 0.05 0 46.86 14.65 0.29 0.06 0.05 0.25 83.75 8319.1 32496.1 
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Na2O FeO MgO Cr2O3 MnO F SiO2 Al2O3 K2O CaO TiO2 Cl Total X Y 
0.16 19.53 13.85 0.02 0.01 0.03 36.24 17.87 0.15 0.03 0.04 0.15 88.09 8382.8 32479.8 
0.32 11.55 7.72 0 0 0 63.78 9.96 0.31 0.07 0.11 0.27 94.08 8446.6 32463.6 
0.2 21.25 16.04 0 0.05 0 29.95 21.81 0.2 0.05 0.07 0.07 89.69 8510.3 32447.3 
0.08 1.96 0.49 0.01 0 0.34 91.73 1.25 1.02 0 0.23 0.04 97.16 8574.1 32431.1 
0 0.59 0.16 0 0.01 0 92.64 0.28 0.02 0.01 0 0.01 93.73 8637.8 32414.8 
0 5.47 6.92 0.01 0.04 0 85.69 9.48 0.11 0 0.04 0.08 107.84 8701.5 32398.5 
0 1.23 1.09 0 0.08 0 100.47 1.47 0.02 0 0.01 0 104.36 8765.3 32382.3 
0.03 12.4 10.76 0 0.1 0.11 59.7 13.68 0.04 0.01 0.04 0.1 96.96 8829 32366 
0.07 19.65 12.7 0 0.05 0.02 31.33 20.69 0.86 0.07 0.33 0.11 85.88 11224 33519 
0.21 18.48 10.32 0 0.03 0.26 35.63 16.56 0.94 0.08 0.29 0.24 83.05 11156.4 33514.3 
0.29 14.27 11.67 0.03 0.06 0.29 36.99 22.89 0.25 0.1 0.07 0.26 87.19 11088.7 33509.5 
0.28 14.26 8.63 0.04 0 0.06 57.51 14.12 0.33 0.05 0.07 0.22 95.57 11021.1 33504.8 
0.18 15.84 11.22 0 0.05 0 26.38 24.29 0.11 0.06 0.04 0.12 78.28 10953.5 33500.1 
0.01 14.67 10.93 0.04 0.02 0.33 58.75 12.59 0.14 0.02 0.05 0.03 97.58 10885.8 33495.3 
0.25 3.27 1.91 0.03 0.01 0.01 46.7 33.34 0.16 1.2 0.02 0.25 87.17 10818.2 33490.6 
0.16 10.37 6.73 0.07 0.05 0 76.97 8.86 0.08 0.04 0.03 0.06 103.41 10750.6 33485.8 
0.05 17.1 12.41 0 0.03 0 50.88 15.33 0.05 0.01 0.05 0.05 95.97 10683 33481.1 
0 2.58 1.88 0 0 0.26 98.99 2.27 0.89 0.02 0.18 0.06 107.13 10615.3 33476.4 
0.24 12.86 10.55 0 0.02 0 64.03 15.12 0.21 0.13 0.06 0.12 103.33 10547.7 33471.6 
0.06 16.45 11.53 0 0.05 0.54 48.42 14.66 0.17 0.09 0.1 0.1 92.18 10480.1 33466.9 
0.19 2.45 2.35 0.04 0.06 0.2 72.3 13.73 0.12 0.03 0.03 0.15 91.64 10412.4 33462.2 
0.27 4.21 3.81 0 0.06 0.07 83.24 6.02 0.11 0.02 0.02 0.11 97.94 10344.8 33457.4 
0.01 0.12 0 0 0.02 0 106.14 0.03 0 0 0.01 0 106.34 10277.2 33452.7 
0.04 0.12 0.01 0 0 0.04 104.17 0.03 0.01 0.02 0.01 0 104.44 10209.5 33448 
0.03 0.14 0 0 0.02 0 104.28 0 0.02 0.02 0 0 104.5 10141.9 33443.2 
2.49 0.25 0 0 0.06 0 94.62 6.14 0.05 0.2 0.01 0.03 103.85 10074.3 33438.5 
0 0.59 0 0.02 0 0.14 104.08 0.02 0 0 0 0.03 104.9 10006.6 33433.7 
0.02 0.07 0 0.01 0 0 103.54 0.04 0 0.03 0 0 103.71 9939 33429 
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Table S9. Spot analyses of garnet used as internal standards for data reduction in XMapTools.  
 
Na2O MgO Al2O3 SiO2 CaO FeO TiO2 MnO Cr2O3 Total X Y 
0.04 1.81 20.83 36.03 7.41 31.72 0.07 0.27 0.03 98.21 1700 30219 
0.03 1.72 21.12 36.44 6.56 32.9 0.07 0.42 0.02 99.28 1641 30143.7 
0.03 1.62 20.71 36.09 7.37 31.88 0.05 0.66 0 98.41 1582.1 30068.5 
0.11 1.56 20.84 36.34 8.76 30.19 0.1 0.77 0.02 98.7 1523.1 29993.2 
0.09 1.51 20.9 36.34 9.41 29.47 0.07 0.93 0 98.72 1464.1 29917.9 
0.09 1.51 20.82 36.19 8.83 29.57 0.08 1.3 0 98.4 1405.2 29842.6 
0 1.53 20.66 36.34 7.89 30.21 0.09 1.9 0 98.63 1346.2 29767.4 
0.02 1.33 20.92 36.48 8.67 28.92 0.07 2.55 0 98.97 1287.2 29692.1 
0.72 1.23 13.98 23.52 5.86 23.13 0.08 2.45 0.03 71.01 1228.3 29616.8 
0.04 1.33 20.72 36.05 7.67 28.91 0.07 3.34 0.02 98.15 1169.3 29541.5 
0.01 1.09 20.15 35.06 8.18 27.75 0.16 4.13 0 96.54 1110.3 29466.2 
0.06 1.1 20.63 35.97 7.69 28.1 0.12 4.93 0.03 98.63 1051.4 29391 
0.14 1.09 20.24 35.9 7.18 27.47 0.14 5.51 0 97.67 992.4 29315.7 
0.02 1.01 20.64 35.97 7.11 27.11 0.23 6.18 0.02 98.29 933.4 29240.4 
0.04 0.94 20.79 36.61 6.98 26.65 0.11 6.94 0.01 99.07 874.5 29165.1 
0.07 0.88 20.44 35.8 7.27 26.22 0.13 7.23 0.01 98.05 815.5 29089.9 
0.08 0.92 20.52 35.69 7.08 25.9 0.13 7.29 0 97.61 756.6 29014.6 
0.09 0.96 20.69 35.93 6.88 26.26 0.08 7.3 0 98.19 697.6 28939.3 
0.06 0.97 20.64 35.86 7.04 27.18 0.12 6.84 0 98.73 638.6 28864 
0.04 1 20.83 35.87 7.09 27.21 0.1 6.03 0.01 98.19 579.7 28788.8 
0.47 1.05 20.36 35.7 7.18 27.17 0.1 5.21 0 97.25 520.7 28713.5 
0.02 1.15 20.87 36.17 7.71 27.97 0.12 4.4 0.01 98.42 461.7 28638.2 
0.03 1.22 20.76 36.49 8.42 28.33 0.1 3.55 0.02 98.93 402.8 28562.9 
0.03 0.24 4.87 7.52 2.09 7.15 78.11 0.7 0.01 100.71 343.8 28487.7 
0.05 1.38 20.62 35.84 8.11 29.29 0.1 2.34 0 97.74 284.8 28412.4 
0.1 1.45 20.53 36.33 9.03 29.32 0.06 1.55 0 98.36 225.9 28337.1 
0.03 1.69 20.71 36.06 7.04 31.14 0.07 1.2 0 97.95 166.9 28261.8 
0.06 1.51 20.67 35.79 9.41 29.69 0.08 0.89 0.01 98.1 107.9 28186.6 
0.03 1.54 20.8 36.33 8.73 30.4 0.1 0.65 0.02 98.59 49 28111.3 
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Na2O MgO Al2O3 SiO2 CaO FeO TiO2 MnO Cr2O3 Total X Y 
0.01 1.7 20.78 36.12 5.96 32.65 0.06 0.62 0.02 97.92 -10 28036 
0.02 1.61 20.33 35.8 6.14 30.95 0.07 0.3 0.02 95.25 1683 27714 
0.07 1.57 20.65 36.17 7.46 31.36 0.09 0.58 0.01 97.96 1637.4 27823.4 
0.02 1.52 20.88 36.41 8.87 30.1 0.12 0.79 0.02 98.73 1591.8 27932.7 
0.85 0.88 18.77 40.32 6.91 21.79 0.06 0.69 0 90.27 1546.2 28042 
0.73 1.04 18.26 38.29 7.85 23.95 0.07 1.19 0.01 91.4 1500.7 28151.4 
0.01 1.44 20.96 36.39 8.52 29.89 0.1 1.81 0.02 99.15 1455.1 28260.7 
0.02 1.4 20.99 36.7 7.55 29.72 0.09 2.8 0.03 99.3 1409.5 28370.1 
0.04 1.23 20.59 36.31 8.59 28.05 0.09 3.38 0.01 98.3 1363.9 28479.4 
0.06 1.17 20.51 36.36 8.35 28.27 0.12 3.96 0 98.8 1318.3 28588.8 
0.06 1.16 20.68 36.33 7.97 27.87 0.12 4.4 0.01 98.61 1272.7 28698.1 
0.25 1.09 20.48 36.31 7.19 28.16 0.09 4.79 0.01 98.39 1227.1 28807.5 
0.06 1.1 20.33 35.9 7.16 27.94 0.08 5.29 0.01 97.88 1181.6 28916.8 
0 0.02 0.77 95.19 0.24 1.13 0 0.2 0 97.56 1136 29026.1 
0.07 1.05 20.63 36.3 7.45 27.52 0.26 5.68 0.05 99.02 1090.4 29135.5 
0.03 1.1 22.04 38.77 7.07 27.63 0.1 5.74 0.03 102.51 1044.8 29244.8 
0.02 1.06 20.53 36.65 7.8 27.55 0.12 5.25 0.02 99 999.2 29354.2 
0.03 1.16 20.75 36.14 7.48 28.37 0.1 4.85 0 98.87 953.6 29463.5 
0 1.23 20.86 36.32 7.27 28.71 0.08 4.2 0 98.66 908 29572.9 
0.05 1.19 20.77 36.55 8.1 28.66 0.1 3.81 0.01 99.25 862.4 29682.2 
0.14 1.22 23.33 42.26 7.22 25.83 0.1 3.17 0 103.27 816.9 29791.6 
0.02 1.22 20.89 36.64 7.76 29.14 0.07 3.18 0.01 98.92 771.3 29900.9 
0.04 1.3 20.74 36.72 8.78 28.19 0.11 2.9 0.02 98.81 725.7 30010.2 
0.59 0.14 13.66 18.75 4.47 13.89 0.07 1.35 0.01 52.94 680.1 30119.6 
0.62 1.29 7.36 8.51 5.31 20.54 0.06 1.44 0 45.13 634.5 30228.9 
0.12 1.59 20.67 36.52 7.21 31.19 0.07 1.64 0 99.02 588.9 30338.3 
0.02 1.18 21.17 36.42 9.69 28.49 0.06 0.9 0.01 97.96 543.3 30447.6 
0.07 1.49 20.82 36.74 8.78 29.99 0.11 0.87 0 98.88 497.8 30557 
0.01 1.62 20.91 36.88 7.31 31.98 0.08 0.72 0.01 99.52 452.2 30666.3 
0.02 1.67 20.93 36.54 7.31 32.11 0.06 0.57 0 99.21 406.6 30775.7 
0.7 1.7 20.49 36.3 5.95 33.54 0.05 0.31 0.02 99.06 361 30885 
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Na2O MgO Al2O3 SiO2 CaO FeO TiO2 MnO Cr2O3 Total X Y 
0.03 1.75 20.86 36.58 6.75 32.55 0.01 0.27 0.01 98.8 5526 28895 
0.03 1.7 20.92 36.39 6.07 33.5 0.05 0.42 0.01 99.09 5454.6 28964.8 
0.04 1.84 20.83 36.35 5.52 33.64 0.04 0.52 0 98.79 5383.2 29034.7 
0.02 1.8 20.63 36.31 5.96 33.42 0.08 0.65 0.02 98.91 5311.9 29104.5 
0.06 1.77 20.84 36.5 6.29 33.12 0.03 0.65 0.01 99.26 5240.5 29174.3 
0.18 1.59 20.35 35.84 6.93 31.81 0.05 0.67 0.01 97.45 5169.1 29244.1 
0.05 1.75 20.85 36.43 6.89 32.07 0.07 0.7 0 98.81 5097.7 29314 
0.04 1.69 21 36.49 7.74 31.52 0.07 0.84 0.01 99.39 5026.3 29383.8 
0.18 1.68 22.33 40.39 7.28 29.86 0.09 0.79 0.01 102.61 4955 29453.6 
0.05 1.53 20.76 36.63 9.39 29.54 0.07 0.88 0.02 98.89 4883.6 29523.5 
0.08 1.6 20.88 36.6 8.47 30.44 0.06 0.92 0 99.06 4812.2 29593.3 
0.05 1.65 20.94 36.63 7.83 30.81 0.09 1.03 0 99.03 4740.8 29663.1 
0.15 1.55 20.71 36.92 8.76 29.98 0.09 1.06 0 99.21 4669.4 29732.9 
0.02 1.52 21.06 36.84 8.76 30.26 0.09 1.17 0 99.72 4598.1 29802.8 
0.13 1.49 20.7 36.68 9.3 29.48 0.11 1.15 0.02 99.05 4526.7 29872.6 
0.05 1.61 21.23 37.39 8.86 29.26 0.1 1.29 0 99.79 4455.3 29942.4 
0.04 1.52 20.89 36.7 9.07 29.68 0.07 1.38 0.02 99.38 4383.9 30012.2 
0.03 1.53 21.1 36.64 8.47 29.94 0.07 1.45 0.02 99.26 4312.6 30082.1 
0.01 1.55 20.95 36.97 8.59 30.55 0.07 1.29 0 99.98 4241.2 30151.9 
0.04 1.52 20.79 36.99 9.32 29.5 0.08 1.13 0 99.37 4169.8 30221.7 
0.04 1.64 20.85 36.92 8.28 30.39 0.09 1.04 0.02 99.27 4098.4 30291.6 
0.05 1.46 20.53 36.46 8.92 29.36 0.1 0.97 0 97.84 4027 30361.4 
0 1.51 20.63 36.87 8.7 30.19 0.11 0.75 0.02 98.79 3955.7 30431.2 
0.12 1.65 20.24 35.93 6.77 30.65 0.07 0.71 0.02 96.15 3884.3 30501 
0.04 1.57 20.87 36.62 7.57 32.16 0.07 0.61 0 99.52 3812.9 30570.9 
0.07 1.59 22.62 39.53 6.69 31.05 0.1 0.46 0.02 102.12 3741.5 30640.7 
0.03 1.7 22.02 38.75 6.87 31.74 0.09 0.42 0.04 101.65 3670.1 30710.5 
0.05 1.59 20.88 36.86 6.91 33.08 0.06 0.37 0 99.8 3598.8 30780.4 
0.03 1.55 20.92 36.78 7.5 32.64 0.08 0.28 0 99.78 3527.4 30850.2 
0.17 1.28 23.4 43.07 6.51 29.72 0.06 1.13 0.01 105.36 3456 30920 
0.13 1.28 22.05 37.8 6.42 30.02 0.07 0.37 0 98.14 3284 29252 
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Na2O MgO Al2O3 SiO2 CaO FeO TiO2 MnO Cr2O3 Total X Y 
0.02 1.61 20.89 36.38 7.49 31.83 0.08 0.44 0 98.75 3365.8 29292.1 
0.09 1.61 20.67 36.47 7.5 31.98 0.09 0.5 0 98.91 3447.6 29332.1 
0.05 1.62 20.32 35.23 6.51 32.73 0.05 0.58 0.04 97.15 3529.4 29372.2 
0.06 1.63 20.63 36.42 7.57 31.65 0.07 0.63 0 98.66 3611.2 29412.3 
0.02 1.55 20.96 36.68 8.99 29.96 0.06 0.66 0 98.88 3693 29452.4 
0.05 1.69 20.96 36.51 7.21 31.45 0.06 0.82 0 98.75 3774.8 29492.4 
0.06 1.45 21 36.64 9.77 29.51 0.09 1 0 99.51 3856.6 29532.5 
0.23 1.39 19.64 34.55 9.85 28.48 0.12 1 0 95.27 3938.3 29572.6 
0.01 1.63 20.88 36.61 7.61 31.23 0.08 1.13 0 99.18 4020.1 29612.6 
0.01 1.46 21.05 36.55 9.13 29.56 0.12 1.3 0.02 99.2 4101.9 29652.7 
0.05 1.43 20.72 36.63 9.33 29.1 0.11 1.4 0 98.77 4183.7 29692.8 
0.1 1.45 20.86 36.45 8.66 29.2 0.1 1.58 0.01 98.4 4265.5 29732.8 
0.44 1.49 20.74 36.18 8.98 29.16 0.11 1.42 0.02 98.53 4347.3 29772.9 
0.02 1.5 20.83 36.44 8.45 29.9 0.11 1.38 0.04 98.66 4429.1 29813 
0.03 1.47 20.96 36.49 9.31 29.8 0.1 1.23 0 99.39 4510.9 29853 
0.04 1.49 20.76 36.52 9.64 29.09 0.1 1.07 0.03 98.74 4592.7 29893.1 
0.12 1.48 20.71 36.21 9.19 29.6 0.1 1.02 0 98.42 4674.5 29933.2 
0.03 1.61 20.91 36.57 8.49 30.31 0.09 0.99 0 99 4756.3 29973.2 
0.2 0.01 0.74 9.19 0.46 1.54 86.04 0.01 0.04 98.23 4838.1 30013.3 
0.42 0.63 8.34 22.82 6.6 20.26 0.09 0.65 0.02 59.83 4919.9 30053.4 
0.04 1.5 20.75 36.35 9.15 29.8 0.09 0.8 0.03 98.5 5001.7 30093.5 
0.06 1.51 20.86 36.32 9.25 29.96 0.16 0.73 0.03 98.88 5083.4 30133.5 
0.01 1.61 20.87 36.46 7.52 31.55 0.09 0.7 0.01 98.81 5165.2 30173.6 
0.03 1.53 20.76 35.86 7.86 31.18 0.11 0.64 0.02 97.99 5247 30213.7 
0.03 1.56 20.87 36.47 7.68 31.6 0.09 0.49 0.02 98.81 5328.8 30253.7 
0.02 1.68 20.83 36.25 6.93 32.28 0.09 0.48 0.02 98.58 5410.6 30293.8 
0.36 1.71 20.78 36.05 6.46 32.56 0.07 0.44 0.02 98.45 5492.4 30333.9 
0.09 1.55 20.7 36.27 6.9 32.45 0.09 0.36 0.02 98.44 5574.2 30373.9 
0.34 1.67 20.61 36.05 6.25 32.64 0.05 0.3 0.03 97.94 5656 30414 
0.1 1.55 20.75 36.6 6.87 32.68 0.07 0.26 0 98.87 6177 23777 
0.08 0.91 14.24 25.85 4.73 23.84 26.5 0.62 0.01 96.77 6201.8 23635.4 
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Na2O MgO Al2O3 SiO2 CaO FeO TiO2 MnO Cr2O3 Total X Y 
0.06 1.54 20.7 36.58 6.63 33.22 0.09 0.43 0.01 99.25 6226.7 23493.8 
0.51 1.57 20.6 36.13 6.14 32.32 0.06 0.51 0.01 97.84 6251.5 23352.3 
0.03 1.61 20.85 36.37 6.64 32.52 0.21 0.57 0.01 98.81 6276.4 23210.7 
0.67 0.69 34.1 48.22 0.15 3.5 0.15 0.07 0.02 87.56 6301.2 23069.1 
0.07 1.54 20.61 36.42 7.36 31.67 0.13 0.61 0 98.41 6326.1 22927.5 
0.01 1.51 20.84 36.65 7.6 31.63 0.24 0.67 0.01 99.16 6350.9 22786 
0.04 1.56 20.83 36.61 7.43 31.6 0.1 0.74 0.03 98.94 6375.7 22644.4 
0.05 1.51 20.65 36.43 8.06 30.74 0.06 0.7 0.02 98.2 6400.6 22502.8 
0.3 1.54 20.56 36.04 6.88 31.63 0.1 0.62 0 97.68 6425.4 22361.2 
0.04 1.54 20.87 36.42 7.13 32.22 0.07 0.62 0.02 98.94 6450.3 22219.6 
0.1 1.48 22.01 37.33 5.93 32.54 0.07 0.64 0.03 100.12 6475.1 22078.1 
0.04 1.24 20.8 36.2 6.18 33.28 0.1 1.33 0 99.16 6499.9 21936.5 
0.03 1.59 20.79 36.48 6.2 33.64 0.06 0.49 0.01 99.28 6524.8 21794.9 
0.01 1.53 20.69 36.33 6.46 33.25 0.09 0.47 0.01 98.85 6549.6 21653.3 
0.04 1.51 20.56 36.35 6.68 33.03 0.08 0.4 0.02 98.66 6574.5 21511.7 
0.04 1.45 20.69 36.43 7.13 33.08 0.09 0.36 0.03 99.28 6599.3 21370.2 
0.04 1.49 20.91 36.61 6.93 32.98 0.13 0.3 0 99.39 6624.2 21228.6 
0.02 1.62 20.91 36.23 6.87 32.73 0.06 0.25 0.01 98.7 6649 21087 
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Table S10. Spot analyses of amphibole and epidote used as internal standards for data reduction in XMapTools.  
 
Na2O FeO MgO Cr2O3 MnO F SiO2 Al2O3 K2O CaO TiO2 Cl Total X Y 
0.01 24.81 2.54 0.03 0.31 0 23.73 39.23 0.02 0.04 0 0.02 90.75 9897 26676 
0.01 24.9 3.01 0 0.31 0.04 23.57 38.46 0.01 0.01 0 0 90.32 9871 26645 
0 24.57 2.98 0.01 0.41 0 23.64 39.77 0.01 0.03 0 0.02 91.43 9845 26613 
0.07 24.12 3.21 0.02 0.41 0.04 23.44 39.3 0.02 0.03 0.01 0.03 90.71 9579 26936 
0.08 24.37 2.89 0 0.36 0.01 23.45 39.39 0.02 0 0.01 0.04 90.6 9544.8 26904 
0.01 24.31 2.95 0.05 0.39 0.36 23.38 38.75 0 0.01 0.02 0 90.23 9510.5 26872 
0.06 25.15 2.31 0.04 0.43 0 23.34 39.34 0.03 0 0.25 0.03 90.99 9476.3 26840 
0.14 24.78 2.55 0 0.36 0.02 23.31 38.9 0 0 0 0.05 90.13 9442 26808 
0.36 24.38 2.5 0 0.6 0 23.08 38.76 0.02 0.05 0.92 0.16 90.83 9004 26191 
0.2 24.11 2.89 0 0.46 0 23.47 38.9 0.03 0.01 0 0.06 90.15 8966.1 26167 
0.08 24.73 2.7 0.05 0.58 0.03 23.51 39.59 0.01 0.01 0.01 0.1 91.39 8928.2 26143 
0.25 24.33 2.78 0 0.48 0 23.63 39.22 0.04 0.04 0.03 0.14 90.94 8890.3 26119 
0 24.93 2.67 0.02 0.52 0.11 23.78 39.47 0.01 0.01 0.1 0.01 91.63 8852.4 26096 
0.12 24.16 3.03 0.02 0.45 0.1 23.59 38.87 0.02 0.02 0.02 0.06 90.47 8814.6 26072 
0.07 24.89 3.11 0 0.53 0.04 23.52 38.5 0.01 0.02 0 0 90.71 8776.7 26048 
0 24.68 2.74 0 0.53 0 23.7 39.3 0.01 0 0.01 0 90.98 8738.8 26024 
0 24.6 2.59 0.02 0.53 0.24 24.15 40.27 0 0.02 0.01 0.02 92.46 8700.9 26000 
0.05 24.35 2.98 0.02 0.52 0 23.69 39.86 0.02 0 0 0.03 91.52 8663 25976 
0.01 10.15 0.07 0.02 0.11 0 33.49 23.72 0.02 21.85 0.13 0 89.56 -600 34180 
0.01 10.32 0.03 0.01 0.11 0.05 33.13 24.16 0.01 22.05 0.09 0 89.97 -594.1 34147 
0.04 9.75 0.03 0 0.18 0.06 33.35 23.73 0.01 21.33 0.07 0.04 88.6 -588.2 34115 
0.17 10.22 0.39 0.01 0.19 0.25 33.01 24 0.04 20.67 0.06 0.14 89.14 -582.3 34082 
0.36 11.9 0.2 0 0.67 0.23 29.43 15.63 0.13 9.65 0.2 0.35 68.72 -576.4 34049 
0.3 10.54 0.2 0 0.56 0.02 28.81 16.02 0.09 9.57 0.1 0.33 66.53 -570.6 34017 
0.05 12.23 0.03 0 0.35 0 32.23 20.61 0 19.45 0.03 0.04 85.02 -564.7 33984 
0.02 10.07 0.04 0 0.14 0.16 33.94 24.58 0.01 22.28 0.11 0 91.33 -558.8 33951 
0.27 10.24 0.03 0 0.01 0 33.79 24.28 0.03 22.38 0.1 0.11 91.23 -552.9 33919 
0.17 11.28 0.2 0 0.08 0.21 33.36 22.41 0.06 21.38 0.14 0.09 89.38 -547 33886 
0.03 10.2 0.05 0 0.01 0 35.34 24.94 0.06 22.41 0.12 0 93.15 -3364 32581 
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Na2O FeO MgO Cr2O3 MnO F SiO2 Al2O3 K2O CaO TiO2 Cl Total X Y 
0 9.77 0.07 0 0.09 0.11 35.12 24.92 0.01 22.12 0.09 0 92.31 -3329 32543 
0.23 11.09 0.63 0 0.45 0 30.35 16.61 0.03 12.55 0.14 0.16 72.25 -3294 32506 
0.01 10.11 0.05 0.05 0.1 0 34.94 24.33 0 21.64 0.09 0 91.31 -3259 32468 
0.02 9.99 0.07 0.03 0.08 0.02 35.47 24.76 0 22.4 0.13 0 92.96 -3224 32430 
 
 
	
	
151	
	
Figures 
 
Figure 1: A. Distribution of Paleozoic UHP terranes of the North Atlantic region (modified from 
Gilotti (2013), for more information see references therein). B. Simplified geologic map of 
Appalachian orogen with the location of previously documented high-pressure metamorphic 
rocks. The box highlights the location of the Tillotson Peak Complex (TPC) (not to scale). NF: 
Newfoundland (de Wit and Strong, 1975), NB: New Brunswick (White et al., 2001), VT: 
Vermont (Laird and Albee, 1981a), CT: Connecticut (Chu et al., 2016), NC: North Carolina 
(Page et al., 2003), SC: South Carolina (Shervais et al., 2003). C. Simplified geologic map of 
Vermont (modified from Honsberger et al., (2017)). The box highlights the location of the 
Tillotson Peak Complex (TPC). CT Valley: Connecticut Valley. D. Geologic map and 
	
	
152	
	
topographic hillshade draped over a digital elevation model of the Tillotson Peak Complex in 
northern Vermont (modified from Laird et al., (1993)). Star indicates sample locality 
(N44°49.953’, W072°31.104’). BMC: Belvidere Mountain Complex. 
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Figure 2: A. Quantitative EPMA WDS X-ray map of the garnet metapelite processed using the 
method of Lanari et al., (2014). The map was processed for mole fraction of almandine (Xalm). 
The gray scale image is a qualitative WDS map of aluminum concentration in the matrix 
minerals (white = high Al). Locations of the Quartz-in-garnet (QuiG), Zr-in-rutile analyses, and 
relict coesite are plotted within the garnets. Grt: Garnet, Pg: Paragonite, Ph: Phengite, Qz: 
Quartz, C: Core, M: Mantle, R: Rim. B. Garnet composition along A-A’ in part 2a. Dashed lines 
denote the regions referred to as the garnet core, mantle, and rim. Alm: Almandine, Grs: 
Grossular, Pyr: Pyrope, Sps: Spessartine.  
	
	
154	
	
 
Figure 3: A. Photomicrograph of garnet with relict coesite inclusion documenting textures. B. 
Inset shows a close up image of the coesite inclusion (within dashed outline) contained in quartz. 
Grt: Garnet, Qz: Quartz, Ph: Phengite, Coe: Coesite. C. Representative Raman spectra collected 
from the ovoid inclusion in quartz. Raman spectra of garnet (blue) and experimentally 
crystallized quartz (quartz) and coesite (red) (Osborne et al., 2019) are plotted at the bottom for 
comparison. Diagnostic bands of each mineral are plotted as dashed lines and are labeled. D. 
Raman depth profile with Raman spectra processed for intensity of the most intense diagnostic 
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bands for quartz, coesite, and garnet. The depth origin (0 µm) is the point where the coesite 
inclusion was in optimum optical focus. Inset shows a schematic interpretation of the results. 
Stars in the inset indicate relative position related to the observed intensity. E. Two-dimensional 
(X-Y) Raman map processed for the intensity of the 521 cm-1 band in a 20.25 µm2 area at the 
depth of the coesite inclusion.  
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Figure 4: A. P–T path based on petrographic and thermobarometric data of the garnet metapelite. 
Dark blue lines are the QuiG isomekes determined from the garnet core, Light blue are the 
isomekes determined from the garnet mantle. The purple lines are the rim isopleths based on the 
Zr concentrations in rutile (±20 ppm analytical uncertainty). Core and mantle isopleths were not 
plotted for clarity (see Supplementary Data for additional figures). The bold dashed lines is the 
estimated P–T path from the thermobarometric and petrologic constraints. The shaded red region 
indicates the possible P–T conditions of peak metamorphism. Grt: Garnet, Coe: Coesite, Qz: 
Quartz, GS: Greenschist, BS: Blueschist, AMPH: Amphibolite, GR: Granulite, EC: Eclogite. B. 
Conceptual model of garnet growth in the metapelite. Each stages corresponds to the P–T 
conditions depicted in (a), and shows the different entrapped SiO2 phases.  
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Figure S1: Photomicrographs of the Tillotson Peak Complex garnet metapelite. A. Fractured 
garnet containing abundant inclusions. Chl: chlorite, Cld: chloritoid, Ep: epidote, Grt: garnet, Qz: 
quartz, Rt: rutile. B. PPL photomicrograph of the metamorphic fabric. C. Crossed polarized light 
photomicrograph of the metamorphic fabric.  
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Figure S2: Plot of Zr concentration averages from matrix and inclusion rutile. Rutile inclusions 
are separated by location within the garnet.  
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Chapter 5 
Concluding Remarks and Future Research Directions 
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1 General Conclusions 
 The research presented in this dissertation develops thermobarometric methods for 
determining metamorphic conditions of (ultra)high-pressure ((U)HP) metamorphic rocks. P–T(–
t) conditions of (U)HP metamorphic rocks were determined using numerical modeling and/or 
thermobarometric methods to characterize the metamorphic history of rocks formed within 
subduction zones. In each chapter, thermobarometric methods were applied to (U)HP rocks from 
different geologic terranes giving insight into the metamorphic conditions of mineral 
crystallization throughout the subduction-exhumation cycle. The first documentation of UHP 
metamorphism in the Appalachian orogen was also presented which constrains peak subduction 
zone metamorphic conditions. These results demonstrate that precise constraints on the 
metamorphic conditions of the subduction-exhumation cycle can be obtained using numerical 
modeling, trace element, and elastic thermobarometric methods.  
 A modeling method for white micas was presented that can be used to constrain 
continuous thermal histories. The second chapter of this dissertation presents guidelines for the 
application of white mica thermal history modeling and specifically highlights scenarios which 
preclude the use of this modeling approach. White micas are major rock forming minerals, 
meaning that this modeling method may be applicable to many metamorphic and igneous rocks. 
However, careful evaluation of the white mica petrogenesis, including thermobarometric work to 
determine the P–T conditions of white mica (re)crystallization, must be performed prior to 
thermal history modeling. Thermal history model results can be combined with white mica 
thermobarometric data in a forward model to constrain P–T–t paths during exhumation of (U)HP 
metamorphic rocks.  
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 The third chapter of this dissertation provides methodological guidelines for the 
application of strain-based elastic thermobarometry. Quartz inclusions in garnet from a 
quartzofeldspathic gneiss from the (U)HP terrane of eastern Papua New Guinea contained 
significant elastic anisotropy, which precluded the use of hydrostatic calibrations to estimate 
inclusion pressures. As demonstrated by previous studies, Raman shifts of inclusions are related 
to the strains preserved in the inclusions. The strains were used in volume-strain and elastic-
tensor calculations to determine the remnant pressure within the inclusions. Quartz-in-garnet 
elastic thermobarometric P–T results were combined with Ti concentration measurements and a 
Ti-in-quartz solubility model to estimate the P–T conditions of garnet growth in the 
quartzofeldspathic gneiss. Clear guidelines for the use of strain calculations and a methodology 
for coupling elastic and trace element thermobarometers are given to reduce the assumptions 
associated with elastic thermobarometers.  
 The fourth chapter presents the metamorphic conditions of garnet growth within a 
metapelite from the Tillotson Peak Complex of northern Vermont (USA). The garnet metapelite 
contains evidence of UHP metamorphism, preserved as relict coesite contained in a bi-mineralic 
SiO2 inclusion in the rim of a garnet porphyroblast. Integrated strain-based elastic 
thermobarometry, trace element thermobarometers, and petrologic observations were used to 
determine the prograde metamorphic conditions of garnet growth from the upper-blueschist to 
UHP metamorphic conditions. Finding of evidence for UHP metamorphism and constraints on 
the prograde-peak metamorphic conditions during subduction warrant the re-evaluation of 
tectonic models and motivates comparisons with other UHP terranes.  
2 Potential Future Research 
	
	
168	
	
 Thermobarometry of metamorphic rocks and has been rapidly developing with the recent 
development of elastic thermobarometers, trace element solubility models, and numerical 
modeling approaches. As we develop a deeper understanding of mineralogic processes (e.g. 
elastic, trace element concentrations, isotopic systematics, etc.) we will continue to increase our 
knowledge of subduction zone conditions, gaining insight into subduction zone processes that 
occur over a range of spatial and temporal scales. The results of each of the thermobarometric 
studies presented in this dissertation can be built upon in future studies.  
 First, the isotopic systematics of argon transport in white micas remains a subject of 
interest and controversy. Systematic temperature controlled 40Ar/39Ar step heating experiments 
of white micas from rocks with a well understood tectonic history may give insight into this 
issue. Furthermore, model results can be combined with additional thermobarometric methods, 
such as pseudosection analysis and Si per formula unit isopleth modelling, to gain insight into 
the conditions of white mica crystallization.  
 Next, the increasing usage of elastic thermobarometers suggests that there are many 
avenues to build upon our current understanding of mineral elastic processes. It is also important 
to recognize that there are many aspects of elastic processes that remain poorly understood. 
Chief among these is the effect of deviatoric strains imposed on elastically anisotropic inclusions 
by elastically anisotropic host minerals. Second, the effect of visco-elastic deformation on 
inclusions is poorly understood, but several studies have suggested that high-temperature 
metamorphism can visco-elastically relax inclusion pressures. These problems may be 
investigated by employing both numerical modeling and experimental approaches. These issues 
are the next frontier in developing and understanding mineral elastic processes which can be 
used as thermobarometers to investigate a variety of geologic problems.  
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 Lastly, the discovery of metamorphic coesite in the Appalachians suggests that there are 
several unsolved tectonic problems to be investigated. One direction of future research is the 
continued search for other indicators of UHP metamorphism in the Appalachians. There are 
several additional lithologies in northern Vermont to be investigated, including the Tillotson 
Peak blueschist. Preliminary thermobarometric and geochronologic work, suggests that the 
Tillotson Peak blueschist was metamorphosed under high-pressure metamorphic conditions 
during Taconic subduction zone metamorphism. Additionally, determination of equilibrium 
mineral assemblages for the (U)HP rocks of northern Vermont would give insight into the 
mineral reactions and metamorphic conditions experienced during subduction, exhumation, and 
subsequent metamorphic overprinting. Finally, with the first discovery of UHP metamorphism, 
the timing, rates, conditions, and mechanism(s) of UHP rock exhumation must be determined. 
Thermochronologic studies which apply multiple thermochronologic methods (i.e. zircon U-Pb, 
white mica 40Ar/39Ar, and apatite fission track) to multiple lithologies may give insight into 
exhumation processes.  
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- Raman spectroscopic characterization and measurement of SiO2 inclusions in garnet 
for elastic thermobarometry 
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- Processing of electron microprobe X-ray maps and spot analyses in MATLAB using 
XMapTools (Lanari et al., 2014) for White Mica-Quartz-H2O thermobarometry, 
chlorite thermometry, and Si-in-white mica thermobarometry 
- White mica total fusion 40Ar/39Ar geochronology  
 
Integrated elastic and trace element thermobarometry 
Objective: Integrate elastic thermobarometry and trace element thermobarometry from mineral 
inclusions to resolve P–T conditions during exhumation of the quartzofeldspathic gneiss that 
contains the worlds youngest eclogites.  
- Detailed petrographic characterization of samples. 
- Raman spectroscopy of quartz inclusions in garnet for elastic thermobarometry 
- Elastic modelling of >100 individual quartz inclusions  
- Used electron microprobe wavelength dispersive spectroscopy for trace element 
thermobarometry and X-ray mapping of garnets for characterization of geochemical 
patterns 
 
Tracing ultrahigh-pressure metamorphism in Papua New Guinea using detrital garnet analysis 
Objective: Trace metamorphic conditions during peak metamorphism through exhumation using 
detrital garnets from a placer deposit in Papua New Guinea.  
- Worked as part of a collaborative team with PI Suzanne Baldwin and Co-PIs Jan 
Schonig and Hilmar Eynatten 
- Petrographic characterization and preparation of samples. 
- Raman spectroscopy of quartz inclusions in garnet for elastic thermobarometry 
- Elastic modelling of >200 individual quartz inclusions  
 
Continuous thermal history modelling  
Objective: Model continuous pressure-temperature-time paths using 40Ar/39Ar inverse thermal 
history modeling and integration with thermobarometry.  
- Inverse thermal history modelling of 40Ar/39Ar data from phengites 
- Processing of X-ray maps using XMapTools for White Mica-Quartz-H2O and Si-in-
phengite thermobarometry 
 
Microbeam Laboratory Assistant, University of Wyoming Aug 2014-May 2015 
Supervisor: Professor Susan Swapp, Department of Geology and Geophysics, Senior Research 
Scientist 
Objective: Determine the geochemical history and movement of a uranium roll front deposit in 
central Wyoming. 
- Sample preparation for scanning electron microscope, electron microprobe, X-ray 
fluorescence, and X-ray diffraction 
- Separated pyrite  
- Preparation of sediment cores taken from three different locations within the uranium 
roll front of central Wyoming  
- Preparation of petrographic thin sections 
 
McNair Scholar’s Research, University of Wyoming   May 2014-Oct 2014 
Supervisor: Professor Carol Frost, Department of Geology and Geophysics,  
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Objective: Use geologic mapping and petrographic characterization to characterize and describe 
the emplacement mechanism of the 1.43 Ga ferroan Sherman batholith in southeastern Wyoming 
and northern Colorado 
- Geologic mapping of the Sherman batholith at two different locations along the 
Colorado-Wyoming state boundary 
- Preparation petrographic thin sections and characterization of petrologic relationships 
at the margin of Sherman batholith 
- Mapped and plotted the location of the later Lincoln granite, a fine grained equivalent 
of the Sherman granite 
- Describe influence of country rock rheology on assimilation in the Sherman granite. 
 
EPSCoR Research, University of Wyoming   Jan 2014-May 2014 
Supervisor: Professor B.R. Frost, Department of Geology and Geophysics 
Objective: Use geochemical characterization and zircon characterization to determine the origin 
of Archean orthogneisses and quartzites at Black Rock Mountain, central Wyoming  
- Petrographic characterization of samples using thin sections 
- X-ray fluorescence for major and trace element composition of samples 
- X-ray diffraction to determine the crystalline structure of orthogneiss minerals 
- Major and trace element discrimination diagrams to determine the geochemical 
similarity of the orthogneisses to other Archean rocks from Tin Cup Mountain 
- Cathodoluminescence imaging on the scanning electron microscope of zircons 
separated from orthogneisses to determine if they share the same low-Uranium cores 
and zoning patterns with a zircon from a similar complex to the west dated at 3.8 Ga  
 
Capstone Thesis, University of Wyoming     Jan 2014-May 2014 
Supervisor: Professor Barbara John, Department of Geology and Geophysics,  
Objective: Use major and trace element geochemistry of eclogites from different localities to 
estimate emplacement mechanism(s) 
- Literature review and assembly of database of global eclogite occurrence 
- Geochemical comparison by comparison of element discrimination diagrams plotted 
from major and trace elements 
 
 
Rocky Mountain Herbarium Intern, University of Wyoming  Jan 2012-Sept 2013 
Supervisor: Professor B.E. Nelson, Department of Botany 
Objective: To build a digital database of plant species that have been collected from central and 
northern Wyoming for the Rocky Mountain Herbarium 
- Plant identification and imaging of different previously collected samples 
- Management of physical and online database of collected plants 
- Basic library work and organization of different species 
 
TEACHING EXPERIENCE 
 
Teaching Assistant, Syracuse University    Aug 2015-May 2017 
Earth Science 314 (Mineralogy): Teach one laboratory section (Jan 2017-Present) 
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- Instruct laboratories, preparation of laboratories including making lectures, hold 
student meetings for assistance, grade laboratories, assist instructor 
 
Earth Science 318/618 (Petrology): Teach one laboratory section (Aug 2016-Dec 2016) 
- Instruct laboratories, preparation of laboratories including making lectures, quizzes, 
and tests, hold student meetings for assistance, grade laboratories, assist instructor 
 
Earth Science 110 (Dynamic Earth): Teach one laboratory section (May 2016-July 2016) 
- Instruct laboratories, preparation of laboratories including making lectures, hold 
student meetings for assistance, grade laboratories, assist instructor 
 
Earth Science 106 (Geohazards): Teach three recitation sections (Jan 2016-May 2016) 
- Instruct recitation sections, assist with the preparation of recitation materials, and 
grade recitation assignments 
 
Earth Science 105 (Earth Science): Teach three recitation sections (Aug 2015-Dec 2015) 
- Instruct recitation sections, assist with the preparation of recitation materials, and 
grade recitation assignments 
 
LABORATORY SKILLS/TECHNICAL PROFICIENCY 
 
Laboratory: Raman spectroscopy, electron microprobe (energy dispersive spectroscopy, 
wavelength dispersive spectroscopy, backscatter electron imaging, secondary electron imaging), 
40Ar/39Ar method (furnace incremental heating, total fusion), mineral separation, X-ray 
fluorescence, X-ray diffraction, scanning electron microscope, transmitted light petrography, 
reflected light petrography, geologic mapping, hand preparation of thin sections/thick sections, 
geochemical preparation  
  
Software: Renishaw WiRE, XMapTools, MATLAB, Adobe Suite, LabVIEW, ArcGIS, @Risk, 
Microsoft Office Suite 
 
FELLOWSHIPS 
 
National Science Foundation Post-Doctoral Fellowship (Applied Sept 2019) 
European Research Council TRUE DEPTHS Post-Doctoral Fellowship (Nov 2019) 
Syracuse University Summer Dissertation Fellowship (May 2019-Aug 2019) 
Syracuse University STEM Fellow (Aug 2018-May 2020) 
Syracuse University McNair Fellow (Aug 2017-May 2018) 
University of Wyoming EPSCoR Fellow (Jan 2014-May 2015) 
 
AWARDS AND HONORS 
 
Department of Earth Sciences Student Publication Award (May 2019) 
Syracuse University Teaching Assistantship (Aug 2015-May 2017) 
University of Wyoming Field Camp Scholarship (May 2015) 
University of Wyoming McNair Scholar (Nov 2014-May 2015) 
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Cardinal Key National Honorary (Jan 2013-May 2015) 
Balanced Man Scholarship (Aug 2010) 
Rocky Mountain Scholarship (Aug 2010-May 2015) 
 
GRANTS 
 
K.D. Nelson Research Grant (April 2019, April 2018, April 2017, April 2016) 
Geological Society of America Graduate Student Research Grant (April 2017, 2016) 
CNYAPG Scholarship for Graduate Student Research (Jan 2017) 
Geological Society of America Travel Grant (Sept 2016, 2018) 
Graduate Student Organization Travel Grant (Sept 2016) 
J. Prucha Research Grant (April 2016) 
 
PRESENTATIONS 
 
Gonzalez, J.P., Baldwin, S.L., Thomas, J.B., Fitzgerald, P.G., Webb, L.E., Kim, J.J. (2018) Peak 
pressure-temperature-time estimates for Taconic orogen high-pressure rocks, Tillotson Peak 
Complex, Vermont. AGU Fall Meeting. Oral Presentation.  
 
Gonzalez, J.P., Baldwin, S.L., Thomas, J.B. (2018) Pressure-temperature determinations from 
integrated elastic and trace element thermobarometry: A case study from the (U)HP terrane of 
Papua New Guinea. GSA Annual Meeting. Poster Presentation.  
 
Gonzalez, J.P. (2018) Quartz Inclusion Thermobarometry: A Method and First Application. 
Waggs. Oral Presentation. 
 
Gonzalez, J.P. (2018) Application of petrochronologic methods to (ultra)high-pressure 
metamorphic rocks. Universität Bern, Invited Presentation. Oral Presentation. 
 
Gonzalez, J.P. (2018) A comparison of pressure-temperature-time (P–T–t) histories across the 
Burgess Branch Fault Zone, northern Vermont. Northeast GSA Annual Meeting. Oral 
Presentation. 
 
Gonzalez, J.P. (2018) Constraining garnet pressure conditions in the youngest known 
(ultra)high-pressure terrane on Earth, Papua New Guinea. CNYESSS. Poster Presentation. 
 
Gonzalez, J.P. (2018) Pressure-temperature-time histories across the Burgess Branch Fault 
Zone, northern Vermont. CNYAPG, Invited Presentation. Oral Presentation. 
 
Gonzalez, J.P. (2017) Pressure-temperature-time determinations in the Tillotson Peak Complex, 
northern Vermont. Waggs. Oral Presentation. 
 
Gonzalez, J.P., Baldwin, S.L. (2017) Re-evaluation of phengite petrologic data and 40Ar/39Ar 
age spectra to determine pressure-temperature-time paths. GSA Annual Meeting. Oral 
Presentation. 
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Gonzalez, J.P., Baldwin, S.L. (2017) White mica isotopic systematics and interpretations. SU 
Earth Sciences Waggs. Oral Presentation. 
 
Gonzalez, J.P., Baldwin, S.L. (2016) Petrologic characterization of high-pressure metamorphic 
rocks along the Burgess Branch Fault Zone at the Tillotson Peak Complex, Vermont. GSA 
Posters with Abstracts. Poster Presentation. 
 
Gonzalez, J.P. (2016). New insights into the petrologic evolution of high-pressure rocks of the 
Taconic orogeny. SU Earth Sciences Waggs. Oral Presentation. 
 
Gonzalez, J.P., Baldwin, S.L. (2015). Thermochronologic analysis of the Burgess Branch Fault 
Zone at the Tillotson Peak Complex, Vermont. CNYESSS. Poster Presentation. 
 
Gonzalez, J.P., Frost, C.D., Bagdonas, D.A. (2015). Contact relations along the southern margin 
of the Sherman batholith. University of Wyoming, Undergraduate Research Day. Poster 
Presentation. 
 
Gonzalez, J.P., Frost, C.D., Bagdonas, D.A. (2015). Contact relations along the southern margin 
of the Sherman batholith. University of Wyoming, McNair National Symposium. Oral 
Presentation. 
 
Gonzalez, J.P., Frost, C.D., Bagdonas, D.A. (2015). Contact relations along the southern margin 
of the Sherman batholith. University of Wyoming, McNair Research Symposium. Oral 
Presentation. 
 
Gonzalez, J.P., Frost, B.R., Frost, C.D., Swapp, S.W. (2014). Characterization of granitic 
gneisses at Black Rock Mountain, Wyoming. University of Wyoming, Undergraduate Research 
Day. Poster Presentation. 
 
WORKSHOPS 
 
Petrochronology Methods and Applications. GSA Annual Meeting Workshop. (Oct 2017) 
merit stipend awarded 
University of California, Los Angeles, Secondary ionization mass spectrometry. NSF funded 
workshop (Feb 2017) merit stipend awarded 
 
SERVICE AND LEADERSHIP 
 
Co-mentor for Undergraduate Research Student Mattie Kennelly, project title: 
 Characterization of inclusion suites in (ultra)high-pressure metamorphic basement 
 rocks from Papua New Guinea.  
Organized Dr. Pierre Lanari’s visit to Syracuse University for an Introduction to 
 XMapTools Workshop in 2018. 
Secretary for the Syracuse University Geology Graduate Student Organization (2016-2017) 
Participant in the University of Wyoming McNair Scholars Summer Research Training 
 Program (2014) 
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MEMBERSHIPS 
 
American Geophysical Union 
American Association of Petroleum Geologists 
Geological Society of America, Volcanology, Mineralogy, and Petrology Division, Structural 
Geology and Tectonics Division 
Mineralogical Society of America 
	
	
	
	
